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A BST RACT 
Fla h flood strike different parts of Al-Ain area virtually every year causmg 
erious property los es This study investigates the main factors control l ing this flooding, 
namel. (a )  climate, ( b )  geomorphology, and (c )  h drogeology 
Climatically, mo t of rain torms do occur during the month of February . 
Geomorphologically, the landforms and drainage systems are the main factors. 
H drogeologically, twenty basins were carefully identified and their morphometric 
parameters were mea ured The relat ions between these morphometeric parameters and 
flash floods were accordingly assessed. 
The results show that most severe damage did occur in bui ldings and farms in Al­
Ain aera The most influential sources of flood waters are Zarub gap and Wadi Al-Ain. 
The eastern footslope of the eastern hogback of Jabal Hafit is  the highest risk zone of the 
investigated area 
The channelized course of Wadi Al-Ain is stisfactory for the t ime being as its 
capacity exceeds that of the highest floods of the last few years, but the course originating 
at Zarub should be appropriately managed. 
The study shows also, that the dist ribution of the t race heavy metals Cu, Zn, and 
Pb in the area is direct ly related to the drainage system, and should be carefully monitored 
to avoid possible health hazards 
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CHAPTER I 
INTRODUCTION 
1 .  Location 
CHAPT E R  I 
I NTRODUCTION 
Al-Ain area (Figure I) i s  situated in the eastern part of Abu Dhabi Emirate ( United 
Arab Emirates) near the border ith Sultanate of Oman. It is  the administrative center of 
the Eastern province and one of the largest and most ancient oasis of the Arabian 
Penin ula that i endo\J ed b a plent iful supply of fresh underground water derived from 
the Oman Mountains to the east . Jabal Hafit is  considered as one of the most prominent 
monuments of the area, it is  located to the southeast of Al-Ain City To the east Jabal 
Hafit is  bounded by Al-Jaww plain and Oman Mountains The invest igated area lies 
between the fol lowing co-ordinates 
Lat. 24° 00' to 24° 20' 
Long 55° 44' to 55° 58' 
Although located within the arid desert belt of the world, Al Ain reglOn IS 
characterized by a rel ict integrated drainage net that was formed during the pluvial 
Quaternary t imes. The net drains externally towards the west ( Al Ain region). Torrent ial 
floods locally cause serious problems 
2. Geology 
The surface geology of Al Ain Area is fairly well understood from the previous 
investigat ions of Gibb ( 1 970), Terratest ( 1 973) ,  Holderbank ( 1975) ,  Hunting ( 1 979),  
Cherif and EI Deeb ( 1 984), Warrak ( ]  986), Hamdan and EI Deeb ( 1990), and H amdan 
and Bahr ( 1992) .  This is  particu larly the case of Jabal Hafit, Jabal Malaqat and Jabal 
Mundasah where the Cretaceous and Tertiary rocks are exposed and are strongly folded. 
Figure 2 shows the main rocks  exposed in the study area . 
Terratest (1973 ) described the Paleocene succession exposed in Jabal Malaqet east 
of Al Ain, as consisti ng of marl layers, glauconitic limestone and marly l imestone 
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Figure 1 .  Locat ion map of AI-A in  
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interbeded by fine _ graIned breccia \\ith orne chert The l ime tone and marl ex
po ed in 
Jabal Hafh are considered of Lower, �fidd1e and Upper Eocene age 
The piedmont plain (Quaternary) in Al Jav;\.\ plain. between Oman MountaIn and 
Jabal Hafit, consists of a gently inclined gravel and sand-plam, built up of the down-wash 
material drained by wadis from the mountains The plain is cro ed b) numerous wadi . 
e g. Al Ain. Shlk and �1uraykhat . 
3. Climate 
The United Arab Emirates has a hot dry climate and the most outstanding 
characteristic of the rainfall pattern is i ts great ariabil ity from year to year and place to 
place, which is typical of an arid climate The annual precipitat ion shows an increase from 
the coast (90 mmlyr) towards the mountain ranges ( 1 40- 1 60 mm1yr) The lowest amount 
(40 mmlyr), occurs in the western portion of the Emirate of Abu Dhabi Figure 3 presents 
the annual precipitation for the period 197 1 - 1 992 In the year 1982 its amount was more 
than twice the average annual amount The years 1 983/ 1 984 and 1984/ 1985  were very 
dry, with amounts considerably less than half of the average amount, while in the years 
] 988, 1990, and ] 993 the annual precipitation exceeded the average. 
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Figure 3. Annual ra infall in  AI-Ain region 
1990 
General l , precipitation in the United Arab Emirates is errat ic, and the major palt 
of the annual amount fall during a few torms that have a duration of up to a few hours 
onl In AI Ain rea there is  a limited number of meteorological stat ions and consequently 
the cl imatic record are not well established The amount of annual rainfall at A1 Ain is 
1 00 mm! r 
4. Flash Floods and Factors I nfluencing Desert Floods 
From the annual precipitation for the period 1 9 7 1  - 1 992 ,  it shows that AI Ain 
regIOn wa ubjected to a number of storm especially in 1982 ,  1 988, 1 990 and 1 993 . The 
resulted floods caused a local serious hazards. 
The study of the factors control l ing flash flood In desert IS very important to 
prediction and pos ible mitigation of their hazards. 
Factors I nfluenci n g  Desert Floods 
Factors that influence the desert flood can be grouped under the titles: 
a )  Cl imat ic Factors 
Include the amount of precipitation, type and direction of storm, rate of movement 
and recurrence and variat ion in t ime and place . 
b)  Geomorphologic Factors 
I nclude drainage basins, pattern, network and channel characteristics. 
c) Hydrogeological Factors 
I nclude the study of rock characterist ics, fractures, water losses . . .  etc .  
5 .  Previous Work 
o senous studies of the drainage basins were carried out In the United Arab 
Emirates or other Gulf states However, in the Middle East abundant l i terature and 
university theses are available such as those by Bell ( 1 970), Gilead ( 1 97 5 ), Labib ( 198 1 ), 
5 
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�10barek ef al. ( 198 1 ), alem ( 1983 ). chICk t!1 at. ( 1 9 ..,), and � aleh (I q 0) Out �Ide 
the Gulf region, the ubject wa tudied by Alden ( 192 ), Ale'\.ander ( 1 97_
). Baker 
( 1976) Baker el at. ( 1979), Carlson el al. ( 1983 ), Cooke ( 1  q -J.), Cunnane ( 1 9 7), \1uller 
el al. ( 1987) 
Recently the subject of flash flood vulnerability and hazard mitigation ha gained 
an mternational recognition and a comprehen 1\  e tudy of tla h flood potential and 
mitigation measure wa formulated and commis ioned ""ithin the frame of an Egyptian 
Academy of cience- C. -DP 'C fORO joint research project involving the "De\'e!opment 
of Disaster Preparedne s, Prevention and 1anagement Planning" 
6. Materials 
The following material were available for this tudy 
a. Remote Seneing image and enhancement facil it ies 
b Aerial photograph of large scales 
c. Topographic map of va no us cales 
d. Field equipment:; for radiometric measurment 
e. ClimatiC data for the im,estigated area 
f. Field facil ites for study of sal ient catchment areas and wadis from geological and 
gemorophological engineenng pomts of view 
7. Methodology. 
1. Collection and analysis of available background data related to the occurrence, 
locatIOn and duration of previous flash floods 
2. Collection of available meteorological data. 
3. Delmation of tlash flood-prone areas and providing a priority l isting for their 
tudy 
4. tud of available map a well a space and aerial photographs to identify the 
drainage ba in , soi l co er natural vegetation and other features affecting flood 
u ceptabilitj 
5. Quantitati\ e mea urement and classification of the drainage basins 
6. Conduct mtenSl\ e field work to carry out comprehen ive surveys and to col lect 
and anal] e amples and local informat ion 
7. Identifing priorit area for future monitoring and further studies. 
8. Recommending needed actions and measures to reduce flash flood hazards in 
high-ri k ba ins and some pos ible al leviative solut ions for management of the flood 
water 
9. Study of ome environmental problems due to water flooding. 
8. Remote Sens ing 
The term 'remote sensing' has become increasingly famil iar to  the international 
scientific community during the last decades. It was introduced in the early sixties by 
scientists of the Wil low Run Laboratorie in Ann Arbor, Michigan, that later became 
known as the Environmental Research I nst itute of Michigan (ERI M) . However, even if 
the term i tself i s  new, the methodology of remote sensing has been in use for a much 
longer t ime, but under different names 
Remote sensing, which means collecting information about an object without the 
use of physical contact, can be said to have started with the invent ion of photography 
more than 1 00 years ago. During 1 8 1 4  - 1 838 ,  Joseph Nicephore Niepce and Luis Jaques 
M ande Daguerre in  France developed the so-cal led 'daguerreotype', a photographic 
process using a polished si lver plate as l ight-sensitive material . Despite the widespread 
acclaim and public acceptance of the daguerreotypes, the process used proved to be a 
dead end since it produced only positive unictes. The actual breakthrough in  the 
development of photography was accomplished by the Brit ish physicist Wil l iam Henry Fox 
7 
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Talbot who in 1 83 1  u ed a ilver halogenide coating on paper for the pr
 du t lon of 
photographIc Images ome\\ hat later. he produced the fir t negative from \\
 hi h an) 
number of positive copies could be made 0, for the fir t time, geometrically ac urate
 and 
detailed images of natural object became avai lable for documentat ion. evaluation and, 
soon, also for mea urement 
While the potential u e of the photographic proce for the production 
of maps and for the precise measurement of objects in the photographic image 
itself was realized and put to practical u e almo t in tantly, it took about ninety year unti l  
geologists became aware and made u e of the new tool Short ly after the ad ent of the 
airplane, the first ob ervation of geologic feature from the air was described and 
discussed by John on ( 1 91 1 ), Will is ( 1 92 1 ), and Lee ( 1 922)  oon it was realized that 
instead of the short-l ived direct observation by a human ob erver in an aircraft. the study 
of aerial photograph , especially of pairs of photographs taken tereoscopical ly, pro ided 
a much higher degree of information on the earth's surface. 
In 1938,  a paper was published in the journal of World Petroleum ( Anonymous 
1938) that de cribed the operational use of aerial photograph for oil e ploration in the 
nearly inacce sible rain forests of ew Guinea by the ederlandse ieuw Guinea 
Petroleum Maatschappij' Thi publicat ion is generally regarded as marking the birth of 
geologic photo interpretation, or 'photogeology' At the ame t ime, an art icle wa 
publi hed in \\ Itzerland by Helbling ( 1 938)  de cribing in great detail the appl ication of 
photogrammetl) (a clence already well e tablished at that time) for geologic mapping In 
contrast to the oil exploration project in ew Guinea in which small-scale aerial 
photographs were used and a large area had to be surveyed looking mainly for structural 
anomalie . Helbling ( 1938)  mostly made use of large- scale terrestrial photographs for 
detailed studies of the highly complicated alpine geology In addition, he applied precision 
measurements and data transfer techniques which were available to photogrammetrists 
The e earl and omewhat divergent trends continued after World War I I .  In the 
nited tate , photogeolog was employed predominantly for smal l-scale regional 
mapping, often for petroleum or mineral exploration . In Europe, on the other hand, the 
tendency toward large-scale mapping by means of aerial photography and toward 
conyer ion of interpretation to measurements continued . In this context, emphasis was laid 
upon quantitati e determinat ion of structural data, such as strikes and dips, and of tectonic 
and morphometric data 
Then, ne"" de elopments In the United States were taking advantage of the 
progres made in the field of semi-conductors, data processing and space technology, and 
remote sen ing, as it is  understood now, came into being.  Using these technological 
accomplishments, the 'classic' concept of aerial photographic interpretat ion was expanded 
in several ways, especially by.  
1 .  The development of new sensors that allow data acquisition in  regions of the 
electromagnet ic spectrum far outside the range of the visible l ight, l ike the near and far 
i nfrared, andr the microwa e region .  
2. The development of new carrier platforms in  addition to the airplane, 
l ike manned and unmanned space craft, e .g  Skylab, Spacelab, Landsat, Seasat, Metosat 
and Spot 
This enormous  expansIOn of the potent ial of data acquisition and data 
interpretation required the development of a new concept of remote sensing that was 
termed 'multi '  - concept by Colwell ( 1 975) .  It  is  based on the idea that in order to get as 
complete information as possible on any given part of the earth's surface - which is the 
main objective of remote sensing - a single one-time image taken in one l imited spectral 
region wil l  not normally be sufficient Usually, there are needs for: 
1 .  Multistationary imagery l ike stereoscopic aerial photography allowing spatial 
representation and measurement of the earth's surface. 
9 
10 
2. �1ulti pectral imager; pro\-ldmg data recorded m different \\ ave length
s hke 
radar or thennal infrared 
3. i\.1ultitemporal imager; monitonng changes of the earth' urface a nece ary 
for the analy is  of land - u e pattern or hydrogeologic phenomena 
4. �1ultiscale imagef\. e g a combination of atell ite and aerial photo- graphic 
imager;', pennitting the interpretation of othef\\ 1 e unclasjfiable feature 
5. 1ultiproce ing of image data l ike the creat ion of color compo ite for geologi 
and structural interpretation, the use of digital cia i tlcat ion for land-u e mapping, and the 
construction of digital mosaics for image maps and 
map bases 
6. 1ultidi ciplinary anal sis of image data by scientists  from different di c ipl ines 
7. Multithematic representation of different information levels for the user 
I t  is obvious that the potent ial of remote sensing method exceed that of a mere 
'technique' What I 0 aptly said by Estes and Simonett ( 1 97 5 )  on remote sensing in the 
field of geography is equal ly valid for the realm of geologic mapping 'Remote sensing i s  a 
reality within geography whose time has come It is too powerful a tool to be ignored with 
both its information and the logic implicit in the rea oning process employed to analyze 
data When all ied with the traditional cornerstone of geography, i e cartography, in it 
new digital raiment, the two techniques can go far beyond being mere technologies' 
Remote Sensing in Earth ciences: 
In earth sCience remote sensing, scient ists cannot rely  solely i n  their i nvestigations 
on the spectral analysi of surface materials They must include and integrate, with spectral 
information. the spatial variabi l ity of the elements of the Earth's features and their orderly 
geographical distribution to incorporate both contextual and spectral information In 
structural geology, for example, spectral analysis can only provide information on the bulk 
composition and the nature of the l i thology of the rocks involved The type of structure 
pre ent, however, can onl be recognized by anal sis of the patial d istribut ion of such 
rock rna e through the overall arrangement and the understanding of the relat ionship 
between the surface landform and the underlying structures (Wilson, 1985) .  
In  convent ional photogeology, the  basic elements of  photointerpretation are tone, 
which is  spectrall dependent, and the spat ial components size, shape, form, texture and 
pattern Scale and vert ical exaggerat ion are also important elements in photointerpret­
ation This section is  not intended to discuss the basic elements of conventional 
photointerpretation, but rather to d iscuss spat ial information and image features which can 
be incorporated and integrated in spectral remote sensing. 
Incorporation of N on-spectral Featu res 
1 1  
Two important types of features can be added and incorporated In the 
classification of spectral values' texture and external data input ( Mather, 1 987)  
Texture 
Texture is difficult to define because it i nvolves variabi l i ty which could be a 
variabil ity of the pattern of spatial relat ionships ( Shih and Schowengerdt, 1 983) .  
Variabil ity, however, is  not entirely a random process and could follow an orderly pattern. 
The most important factor that control l ing the observation and analysis of texture 
i s, the scale variat ion which determines whether the observat ion is a local or a regional 
texture (Mather, 1 987)  In remote sensing one system may allow the detection of micro­
scale textures, another system may not be able to make such a determination Neverthless, 
textures were found to significantly improve ability to discriminate  among targets of 
interest, provided that the spat ial resolution allowed observations 
I n corporat ing External Data 
I t  is  often very valuable to incorporate external or ancillary data into image data 
For example, adding in  situ rock reflection data to image data can signicantly improve the 
classification and the interpretabihty of an image Using external data sets having 
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bl d ffi ·  ince u ing u h external variable multi tate variable are mo t valua e an e ectl\ e. -
allow stratification of the Image adta into categorie (Mather, 1 9  It i al 0 po' tble to 
merge and encode the data sets to bring out feature and information that were not 
observed in the original data ets 
Contextual I n formation 
If it is con idered that geographic feature a sume orne ort of order or t ructure, 
and that landscapes are made up of elements arranged in orne order! manner, then the 
context of one element of a landscape is  it relat ionship to the land cape a a whole 
(Mather, 1 987) irnilariy, a pixel in an image i the ba ic element and its relation hip to 
the remainder of the pixel in the image is it context 
There has been interest to computerize the extraction of conte tual informat ion 
But the process defimtel requires further de elopment, especially with the present day 
computer capabilities before it become fea ible and effecient (Mather, 1 987)  
Feature Selection 
The advances made in sensor de elopment have made avai lable data with higher 
spatial resolution and spectral sensiti ity. A a result, the volume and size of the data to be 
handled has increa ed tremendously This is specially true for future data sets Therefore, 
there has been a tendency to find some procedures by which the dimen ionality of a data 
set can be reduced without loosing significant original information inherent in  the data 
This proces has been called "feature select ion" (Mather, 1 987) .  
Principal component analysis is considered to be a crude method of feature 
election, and the technique of "classification" is  a more suitable alternat ive Multiple 
discriminate analysis maximze inter-group differences by finding the l inear combinations of 
the original band features that best discriminate between a specific number of classes 
t udy Methodology 
Three remote sen ing inter-related approaches were adopted to meet the objective 
of this stud The first approach, is  in situ rock reflectance in the study area. To assist in 
rock descriminat ion to achieve this ta k in the study area Field measurments by a portable 
photometer was carried out and the field data was combined with Thematic Mapper data 
to generate the different rock type in the study area. 
The econd approach was to acquire satell ite d igital data covering the study area, 
and perfonn image processing on the data by various enhance-ment and processing 
techniques in order to determine the d ifferent units and their topographic expressions. This 
image enhancements were accompl ished by an Earth Resources Data Analysis System 
(ERDAS) at the Remote Sensing Center of the United Arab Emirates University. 
The Third approach was to combine some of t he data files in a data bank system 
called "Geographic Information System" .  This analysis was accomplished also by the 
ERDAS System 
9. Obj ect ives of the  s tudy 
This study was conducted in order to investigate the main factors controll ing the 
flash floods that strike different parts of Al-Ain area. I t  also aimed at  determining the 
distribution of some trace elements in water floods which are known to be health hazards. 
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CHAPTER II 
CLIMATE 

General 
C HA PT E R  II 
CLIMATE 
The nited Arab Emirate experiences a hot desert arid climate, charactrized by 
high temperatures and 100,v rainfall 
1 .  Cl imat ic Condit ions :  
Four condition are cont rol l ing the United Arab Emirates cl imate, they are: 
a)  Geographic Posi t ion : 
Situated between the paral lels of latitude 22° and 27° North the United Arab 
Emirates l ies acros the Tropic of Cancer (23° 00') and therefore, temperatures become 
very high . One of the main characteri stics in summer is  the inclusion of more than 1 13 of 
the country under the effect of the Tropic Cancer 
From the other side, the land of the United Arab Emirates occur in the western t ip 
of Asia between lat i tudes 20° and 40° North, a part in which air c irculation of the atmo­
sphere force the air from up to down causing low rainfal l .  Thus the geographic position 
gl es the United Arab Emirates its arid environm ent and high temperature (Figure 4) .  
b )  Topography and  Relief: 
Topographically, the United Arab Emirates consists mainly of two types of 
topography, the first one is the high mountainous area covering about 5% of the whole 
country and the second is  the low plains covering the rest of the country .  
The mountain areas in the United Arab Emirates constitute a very important 
element affecting its cl imate. It is a natural barrier that i solates the Gulf of Oman to the 
east from the rest of the country to the west, and its relative height helps, in increasing 
rainfall over the eastern part of the country (Figure 5 ) .  
c)  Dis tri but ion  of Lan d  and Water bod ies: 
United Arab Emirates overlooks two Gulfs, the Arabian Gulf (with a shoreline 
reaching 650 km in  length) and the Gulf of Oman (with a shoreline of some 75 km in 
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b d th t ha only a mall effect length) The Arabian Gulf is a rather small internal \l,'ater 0 y. a 
on the climate of the Cruted Arab Effilrates u . i l l  strated b ' an lncrea e of humidity in the 
coastal area The Gulf of Oman. hO\vever, ha more effect on the nited Arab Emirate 
climate but is only restncted to the eastern coa t and the adjacent mountainou area 
Figure 4. Wind d irections around Un i ted Arab E m i rates. 
d) Atmospheric Pressures: 
United Arab Emirates climate depends on four principal centers of pressures. Two 
centers of low pressure namely the African and the Asian low pressure centers, and two 
centers of high pressures designated the Siberian and the Azores centers. These four 
centers plus the Mediterranean Sea are playing an important rule on the climate of the 
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United Arab Emirates because the relative decrease of pressure between December and 
March every year allows rain to fall at that time. 
80 km 
Elevation 
(meters) 
I = 500-1000 
� = 200-500 
D = Under 200 
Figure 5. Relief map (after PC G lobe, 1 992) 
2. Climatic E lements : 
F ive elements are control l ing the United Arab Emirates cl imate, they are : 
a)  Insulat ion: 
The United Arab Emirates receives maximum solar radiation on June 2 1  when the 
sun appears directly overhead giving an angle of incidence of the sun's rays of 90°. 
Conversely, on December 2 1  the incidence of the sun's rays falls to 43°  06' and the lowest 
i nsulat ion levels are received. 
1 
The numbers of daylight hours exceed tho e of night from
 the _ 1  of �larch until 
the 2 1  of September A maximum of i 3 6 hours of daylight is  
attained on the _ 1  of June, 
fallmg to a minimum of 1 0  7 hours on the 2 1  of December 
The average annual number of sunshine hours is 1 0  hour per 
da} over the 
Emirates, with a maximum reached in May of 1 1  5 hours and a minimum of
 8 4 hour 
occurring in December. In  . O\'ember. the percentage of sunshine hours to dayl
ight hours 
peaks at 90% and falls at a minimum of 74�'o in larch Skies over the United 
Arab 
Emirates tend to be relatively cloud-free all year round with the most extensive co er in 
March when. typically, mean daily cloud cover is  2 5 oktas, while the least cloud cover i s  
experienced in  June and November with 0 5 oktas 
The apparent migration of the vert ical sun slows down near the tropics so that, 
close to the Tropic of Cancer, the sun's rays hine down nearly perpendicular to the 
Earth's surface for 86 consecutive days during the summer solstice. Additionally, the 
lenghtening summer daylight hours and relatively cloud-free skies combine to give the 
United Arab Emirates one of the highest net radiation receipts in the world Consequently, 
a large build up of surface heat is  generated to produce very high temperature General ly 
sun radiation in the United Arab Emirates reaches in June ( 796m wh/cm2) and its lower 
value is in December (425m wh/cm2) Sun radiation increases generally from December 
until June and decreases from July to September (Table 1 )  
Table 1 .  The annual sun rad iation 
/Month Jan Feb Mar Apr Ma} June July Aug Sep Oct Nov Dec Mean 
ISlIn 
RadiRtion 4S1 526 692 692 795 796 721 718 685 597 500 425 627 
b) Temperature: 
In July, the hottest month of the year, temperatures can attain 50°C but usual 
summer means maximum lies between 4 1 °C and 45°C These extremely hot conditions 
are experienced along the Arabian Gulf coast between AI-Zannah in the west and Ras AI 
Khaimah in the northeast . Mean annual temperatures are approximately uniform 
throughout the country with slight local variations, most noticably in the mountains to the 
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east, where higher altitudes result in mean temperatures of 25°C . Tnere is  also a tendency 
for temperatures to vary seasonally between the coasts of the Arabian Gulf and the Gulf of 
Oman and the l'1terior, with the latter being marginal ly cooler in winter and warmer in 
summer. The coldest temperatures in the United Arab Emirates occur in Liwa and the 
neigh-boring parts of the interior where winter mean minimum can be less than l 30C . 
Interior areas also experience the biggest diurnal range in temperature. The daily 
temperature range close to the Gulf coast is  much less marked due to the presence of the 
shallow, warm waters of the Arabian Gulf. Table 2 shows the relative temperature in  the 
United Arab Emirates. 
Table 2. The anuual  relat ive temperatu re 
tMonlh Jan Feb Mar Apr May June July Aug Sep Oct No� Oec Mean 
lRelathe 
rremp. 180 190 220 260 310 320 350 350 320 290 240 200 270 
c)  Relat ive H u m id ity : 
Geographically, relative humidity levels are higher along the eastern coastal plain 
and relatively less higher along the Arabian Gulf coast and from it, it decreases south and 
eastwards, and over the eastern mountain range. For example, mean relative humidity in 
Abu Dhabi i s  more than 60%, whereas the value for AI Ain i s  less than 4 5%. During the 
spring, summer and autumn relative humidity i s  highest along the Gulf of Oman coast but, 
during winter (Table 3 )  when relative humidity reaches its peak, highest humidity levels 
are found along the Arabian Gulf coast, with annual mean maximaum recorded of more 
than 90%. Liwa, the southeast and the eastern mountains have annual mean minimum 
relative humidity of l ess than 20% . 
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Table 3. The anu ual relative humidity 
Month feb Mar Apr \18) June Jul) .\ug Sep Oct "'o� Dec Mean Jan 
Relalhe 
Ttmp. 64 63 59 50 4� 50 52 55 55 55 5 63 56". 
d) Atmospheric Pressu re and Winds: 
The principal influences on the atmo pheric pre sure patterns of the nited Arab 
Emirates are the Siberian ant icyclone, a per istent area of high pressure that centers 0 er 
northern Asia in winter and in summer, and the A iatic low centers over centraL southern 
Asia extending in a broad belt across the continent at approximately 30° Broadl 
speaking atmospheric pressure starts building up in late summer with mean winter 
pressures of 1 0 1 8  mb in January and then decrea e , fal l ing to a mean summer minimum 
of 998 mb 
Secondary influences corne from the Azores high pressure cell in summer, 
particularly as ridges of high pressure extending eastwards over the Mediterranean and 
from the African low pressure cell in winter As with insulation and temperature, latitude 
also has a role in go\ erning the atmospheric pressure of the Emirates Lying near 300 N  the 
United Arab Emirates is directly under the sub-tropical ant icyclone in the part of the 
general circulation known as the low-latitude, or Hadley cell, in which ai r that has risen 
through warming at the Equator and travels poleward, is deflected downwards at about 
30o N, creating a stable area of high pressure The mean annual pressure across the country 
is 1 0 1 0  mb 
With l iti le variat ion in pressure over the United Arab Emirates the winds tend to be 
light or light to moderate and the mean annual wind speed is  less than 1 0  knots There is a 
tendency for winds to be stronger between March and August and predominantly come 
from the northwest and south or southeast The Shamal is a hot, dry wind, often laden 
with dust and sand that is  at its strongest in winter and can reach gale force The strongest 
winds are felt along the coast of the Gulf of Oman, followed by the mountain region, the 
Arabian Gulf coast, the desert dryland and the l ightest winds are in the interiors . Figure (6) 
shows the mean wind direct ion and speed frequency. 
o 
330 N 30 
270  
1 20 
2 1 0 s 
1 80 F , AQl lency 
o 5 1 0nn 
,'-----',----',
W i n d  s p e e d  f r e q u e n cy,  % 
calms 1 3 4 6 7 1 0  1 1  1 6  1 7  2 1  2 2  2 7  28·33 34  
1 2 8 1 0 2 28 0 28 3 1 7 9 2 5  0 3  0 0 
Figu re 6. The mean wind d irect ion and  speed frequency in A b u D habi E m i rate. 
(after the N ational Atlas of V.A.E.,  1 993). 
e)  Rainfal l :  
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Situated under the influence of the sub-tropical anticyclone there is l i tt le chance of 
ram The average annual rainfall is 1 1 9mm. This total, however, is highly variable from 
one year to the next. 1 98 1 1 1 982, is an example of very wet year (Figure 7). The mean 
annual rainfall was 282 mm with precipitation in the mountain  region reaching more t han 
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Figure 7. Mean annual  rainfall in d ifferent parts of the Un ited Arab Emirates 
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450 mm In ome parts On the other hand, 1 9841 l 985,  is an example of a very dry year, 
\vith a mean annual rainfall of only 24 mOl with Abu Dhabi recording just 6 mm and Dubai 
over 80 mOl Rainfall distribution is lowest in the west and south of the United Arab 
Emirates and increa e towards the north and east over the western bahada plains and 
foothil ls of the AJ Hajar AI Gharbi The highest total annual rainfall , either in a wet or a 
dl) year, fal ls 0\ er the eastern mountain where the mean annual rainfall rises to 1 60 mm 
compared to Ie s than 40 mOl in Liwa Mean annual rainfall then decreases again on the 
eastern coastal plain 
Sea onal rainfall dist ribution patterns are dist inctive. Almost 90% of each year's 
precipitation fal ls during winter and spring and the wettest months are usually February 
and �larch \\ hen 600 0 of the precipitation is received Although rainfall is expected during 
\vinter and spring it is often concentrated in  a few heavy showers Sometimes almost half 
of the annual total is received in a single day and the total number of rainy days, with 
rainfall exceeding 1 0  mm, range between 1 in a dry year (e  g .  1 9841 l 985)  and 5 in  a wet 
year, (e g. 1 98 1 / 1 982) 
Rainfall is  associated with atmospheric pressure patterns which permit the passage 
of the Atlantic depressions to move through the Mediterranean region and down over the 
Arabian Gulf to\vards the Indian Ocean. The Oman Mountains provide a natural 
topographic barrier, forcing the air upwards, ultimately producing orographic rainfall This 
explains \\ hy the eastern mountain region, which covers approximately 5% of the country, 
receives about 30% of the total annual rainfall To the south and west of the mountains the 
effects of a progressively lower relief, increasing remoteness ITom the sea and the desert 
surface itself accounts for the decreasing levels of precipitation over the interior The 
Oman Mountains also act as a barrier helping to prevent the cl imatic influences of the Gulf 
of Oman penetrating much beyond the eastern coastal plain, which in spring has more 
rainfall than any other region. Table 4 shows the relative rainfall in d ifferent parts of the 
United Arab Emirates 
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Table 4. Relat i ve rainfall in  different parts  of the  C . A . E .  
!station AJ-Ain Oha f uliba Khat EI-Deg Daga Mean 
tRainfall 96 1 20 1 20 1 26 1 3 1  1 1 9 
!mm. 
In the investigated area, the annual rainfall in different ears were calculated and 
are graphically presented in Figures 8 and 9 for the period between ] 97 1  up to 1 992 
Figure 1 0  shows the relative rainfall in a dry year ( 1 984/ 1 985 ), and a wet year 
( 1 98 1 / 1 982) Figure 1 ]  displays a complete record of the annual rainfall at AI-Ain Region 
The Figure i l lustrates the cycle of the precipitation from which a wet year is predictable 
every 5 to 6 years 
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Figure 1 1 . A nn u al rainfal l  i n  AI-Ain area 
CHAPTER III 
IN SITU ROCK REFLECTANCE 
1 .  General 
C H A PT E R  I I I  
I N  S I T U  ROCK RE FLECTANCE 
IN T H E STU DY AREA 
The portable photometer Model 2703 ( Figure 1 2 )  was used in this work. This 
instrument i wel l uited for use in rugged terrains such as the investigat ion area. With this 
in trument, the radiance of an area of ground can be measured in twenty-seven spectral 
bands, and converted to a bi-directional reflectance factor ( BRF) by relating the ground 
radiance to the direct ional radiance of a reference surface within the instrument . Four 
detectors with individual absorption fil ters measure the electromagnetic spectrum reflected 
from an object in four channels. The combined filter-sensor spectral response was matched 
c losely to bands 4 (0 5-0 .6�lIn), 5 (0 .6-0 .7 �lm), 6 (0 . 7-0 . 8 �lm) and 7 (0 .8  - 1 . 1  �m) of 
Land at 1ult ispectral Scanner ( M S S )  
Figure 1 2 . Portable Photometer model 2703 
The reflectance data for in situ outcrops of some sedimentary rocks and 
unconsol idated deposits with particular emphasi s to Al-Jaww Plain were measured from 
28 
homogeneou pot In the tudied area (Lat 24°00' - :2..+° 1 3 ' . , 5 _  0..+..+' - 5 :°5 _ t E The 
sen or unit \\ a mounted on an ann ex'tending at nght angle for almo t t\\ 0 meter abO\ e 
the ground, gIving near coincident field of viev" for ea h en or approximatel� one meter 
In diameter 0.10 t of the sy tern i hand held at right angle to the urtace to be mea ured, 
so that ""hen the reference card wa v.ung into po ition for mea urement it received the 
same amount of unlight per unit area as the target urtace A meter unit re eiving the 
signal from each en or I u ed to di play the radiance of the target and the gray card in 
turn The study area con i t main) ' of two part , the fir t one i the folded Cretaceou -
Eocene lime tone and marl of Jabal Hafit, Malaqet etc 'While the second one i AJ-Ja\', 
plain Thi plain is co\ ered with Quaternary depo it formed principally of coar e pebble , 
and sandy gravel with arious argillaceou lime tone intercalation The gra els are 
composed of ub-rounded moderately well orted fragments of erpent in ite, gabbro, chert 
and lime tone, all are derived from the weathering of email ltrabasic Comple and the 
Ha'Wa ina Group. I rregularitie in consolidation toward the north, moreover with depth, 
are noticed (Figure 1 3 )  The principal thicknes of the gra els occur in the northern part 
of AJ-Jaww plain, where it reaches over 40 m In the western part of AJ-Jaww plain and in 
the Mazyad area, the Quaternary depo its increa e in thickne s with addition of clay and 
marl to the gravel component 
- � - - ",-- --.. 
- - -
. . 
. a n d� g rave l  
t .  -.;. ... �. � r 
Figure 1 3. AI-J a ww Pla in  as seel� f�m the  top of J a bal  H a ft t  
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2.  Field Proced u re 
Rock urface' elected for measurement were In full sunl ight and free of 
vegetation Because of the nature of the exposure in many cases, the surface was 
composed of the in situ debris rather than solid outcrop. Measurements were commonly 
made at least in two site in one vicinity, to record a representative range in the surface 
characterist ic, such a the presence or absence of red ( iron oxide) weathering. However, 
extremes of surface type (very heavi ly tained, very irregular and shadowed) were 
avoided. 
Measurements \ ere taken first for a white board and then for the object . Twenty­
four measurements were made for thirteen objects, rock surfaces, sand dunes, bare 
soi l , .  etc The pectro-radiometer samples in the 0 4  to 1 . 1 �lm region produce twenty­
seven channel data sets The spectral data were collected between 1 0 .00 am. and 3 :00 pm. 
in  December 1 992. All spectra were standardized against a white plate. The number of 
spectra collected varied depending upon the homogeneity of the object .  
3. Data Processing 
Radiometer readings are t ransferred onto a portable desk top Toshiba portable 
computer, and then processed using the special rout ine developed by Japan International 
Co-operat ion Agency urCA) The B RF in each band was calculated for each site 
regarding the willte board reading. With the assumption that the rock surfaces are all ( l ike 
the gray card) Lambertian reflectances, i . e. reflecting equally in al l  d irections. The BRF 
measured is  d irectly proportional to the reflectance. Appendix A presents the spectral 
reflectance measurements .  Table 5 shows the mean calculated as value of the four 
channels of the different objects in the study area 
Statistics for each object type, based on the BRF in each band and the B RF ratios 
4/5 , 5/6 and 6/7 were then computed (Table 6). Discriminate analysis was carried out on 
the data after dividing them into groups according to rock type and specifying the choice 
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of parameters (the BRF ratio or the BRF and thier ratios together) Figure 1 4  ho\.\-s plot 
of the distribution of the data in tv.'o - band and two - ratio space 
Ta ble 5. �lean calcu lated value of the  fou r  c h a n n els  of t h e  
differen t obj ects in  the  Jabal  H a ti t  (after Yeh ia a n d  Nasr  1 992) .  
Object band .t 
Limestone (fresh) 6 1 .8 
Limestone (�ith  i ron oxide ) 59.9 
Lime tone (weathered) 28.5 
Marl 32. 1 
Marls (w eathered) .to.6 
Sand dune (l ight) 36. 2 
Sand dune (dark) 2 1 .5 
Sand dune (with iron oxide ) 1 2. 2  
Carbonate oil 23.8 
AJlu� ial plain 8.50 
Bare land 1 5. 1  
Bare land (road side) 52.0 
Asphaltic road 1 2. 7  
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Band 5 
7 0  
6 0  
5 0  
4 0  
3 0  
2 0  
D 
• 
1 0  
O����--���� 
o 10 2 0  30 40 50 6 0  7 0  
Band 4 
+ Limestone (fresh) 
• Limestone (with i ron oxides) 
o Limestone (w eathered) 
e Marls 
band 5 band 6 band 7 
66.6 
74.5 
33.8 
.t 1 . 0 
53. 1 
52. 1 
37A 
4 1 . 1  
32. 1 
1 0. 2  
2 1 .6 
62.5 
I ·tO 
5 /6 
79. 1 83. 1 
73.3 7 7.0 
39.0 .t5. 7 
.tS. 7 .t 7. 9  
6 1 . 2 63.3 
S.t.2 65.4 
.t5. 7 53. 2 
1 6.3  1 9.5  
37. 7 43.2 
1 l .5  1 2.6 
23.2 29.9 
66. 1 73.5 
U.3 1 6.8  
1.0 r--------.m---,---�..., 
1& @ u 0.9 "-
0.8 _ 
OJ -
0.6 f-
0.5 '-
II 
Q) + 
.. Q 0' 
o I I I J 
o 0.5 0.6 0.7 0.8 0.9 1.0 
[J Sand dune (light) 
@ Sand dune (dark) 
xx Carbonate soil 
® AlIu� ial plain 
l( Bare land 
4/5  
Figure 1 4. Dis�ribution o f  t h e  rad imetric data i n  two bands (a),  and two ratiOs (b)  (after Yehia and Nasr 1 992). 
Table 6. Ratio calcu lated value of the  fou r  channels of the 
d ifferent obj ects in the Jabal  HafH (after Yehia and Nasr 1 992).  
Object -4/5 5/6 6/7 
Lime tone (fre h) 0.93 0.8-4 0.95 
Limestone (ll ith iron oxide ) 0.80 0.8-4 0.95 
Limestone (weathered) 0.84 0.87 0.85 
Marls 0.78 0.90 0.95 
Marls (weathered) 0.76 0.87 0.97 
Sand dune (light) 0.69 0.96 0.83 
Sand dune (dark) 0.57 0.82 0.86 
Sand dune (ll ith iron oxides) 0.87 0.87 0.84 
Carbonate oil 0.7-4 0.85 0.87 
AJlm ial plain 0.83 0.89 0.9 1  
Bare land 0.70 0.93 0.78 
Bare land (road ide) 0.83 0.95 0.90 
Asphaltic road 0.9 1 0.98 0.85 
4. I n  Situ Ref1�ctance M easurements in the I nvest iga ted Area 
3 1  
ery l itt le information is available on  the i n  situ reflectance properties of  natural 
rock surfaces Among the known examples are prel iminary notes on the reflectances of 
altered rocks in Nevada (Goetz and Rowan 1 97 5 ), a variety of rocks in Arizona (Rowan 
et al. 1 974), a variety of sedimentary rocks in Colorado (Rainse and Lee 1 97 5 ), a range of 
igneous and metamorphic rocks in Southern Africa ( Longshow 1 976), serpentinites in the 
Egyptian Eastern desert ( Sultan et al. 1 987) ,some sedimentary rocks in Sinai peninsula 
(EI-Rakaiby ef al. 1 990), and Oman Ophiolite ( Rothery 1 982) .  I n  the study area, Yehia 
and Nasr ( 1 992) made a reconnaissance investigat ion So, to  establish the theoretical basis 
for l i thological discrimination in this i nvestigated area by remote sensing, it was necessary 
to collect  the data as a part of the study 
Resu lts 
Reflectance ratios have been found to suppress variations due to topography and 
due to overall reflectance, while emphasizing differences in shapes of spectral reflectance 
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curves ( Ro\\ an e l  al. 1 97-1) Ratioing of T�f  (Thematic �lapper) derived retlec
tance data 
was therefore chosen for the study of the pectral beha\ior of different rod. type" m the 
investigated area 
Various tatistical analyse were performed on the reflectence data to examme 
separ-ability of various rock units as well as to determme the mo t important \\ avelength 
bands for rock type separation 
In the study area. the reflectance of l ime tone , marls and and change very l i tt le 
between 0 .4 and 0 8 11m In contrast, reflectance \\ hich is generally affected less b 
absorption bands, increases continuously throughout this range although at a slower rate 
betVveen 0 8 and 1 . 1  �!m (band 6 to 7) than at shorter wavelength 
The slope of the reflectance curves for carbonate soi l ,  marls and sands ranges 
between the alluvium and limestone curves 
Several factors including impurit ies in both the crystals and on the surface of the 
rocks, atmospheric conditions, and sy tern calibrat ion, complicate the reflectance spectra 
Surficial weathering products such as clay minerals obscure the original rock surface. 
Figure 1 5  shows that the l imestone has variable spectral curves and various reflectance 
percentages due to differences in their condition (fresh, or weathered) with different 
reflectance for others such as, marls, soi l, etc 
The spectral curve of the Eocene limestone changes between 0 4 and 0 6 �lm, and 
general ly 'aries a l itt le between 0 .8  and ] . 1 11m The same phenomenon is also noticed in 
the spectra of the marls and sands 
The normalized reflectance of sand in the southeastern part of the studied area 
gradually increases with the wave length .  The alluvial plain has the lowest reflectance 
values recorded in the study area 
One of the ult imate objectives of this investigation is to derive quantitative 
spectral-reflectivity information from the ratio radiometer data for making estimates of the 
� c.J 
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composition of rock units. The calculated rat io values can be useful for comparative 
purposes ( Table 5) .  
The ratios of 4/5 and 617 for the l imestone as wel l  as the marls are less than unity, 
while ratio 5/6 of l imestone with i ron oxides exceed unity. Moreover, rat ios 4/5 and 617 of 
l imestones are much higher than those of sands. The 5/6 rat io values are greater for al l 
rock types. Ratio values of l imestones increase where clay and i ron oxide contents are 
increased The lowest ratio values are those of whjte dune sands. The greatest values are 
those of the l imestones with increased iron oxide. These l imestones wruch are rich with 
i ron oxide also have a rugher 5/6 ratio values t han the fresh and weathered rock .  The rat io 
values of the different objects in Table 5 are considered a test of the subtle nature of the 
d ifference among different rock types. 
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Figu re 1 5. S pectral reflectnce of d itTerent types of surface materials in the 
i nvestigated area. 
CHAPTER I V  
TERRA I N  CLASSIFICATION 
C H A PT E R  IV 
T E R RA I N  C LASSI FICATION 
Two areas in AI-Ain region are chosen for terrain c lassification. The first area is  
AI-Ain c i ty representing the urban type, while the second area is  AI-Jaww plain 
representing the mountain - bahada type, this area is  located at the margin of the bahada of 
the Oman mountain where ancient fluvial and drainage systems interact . 
1 .  Presentation of the Data : 
One cloud free Landsat ( 5 )  Scene (path : 1 60 RowA3, ID :4253 306 1 95 )  acquired on 
June 22, 1 989, Which includes the two studied areas was chosen for conduct ing this study 
(Figure 1 6) False colour combination bands 7 (2 .08-2 3 5  11m) red, 4 (0. 76-0.90 �lm) 
green and 2 (0 52-0 .60 11m)  blue, are the best to provide excellent overall d iscrimination. 
The bands are selected to be spectrally apart to  minimize interband correlation. 
o 
o 
S a u d i  
United Arab 
Figure 1 6. Location map of Landsat image ( 1 60/43) used in the present study 
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2. I m age Proces ing and Preparat ion :  
d . h h ·d of ERD .\ oftware program at The image proce SlOg i came out mt t e al · -
. C L \ E nJ\ er i t\. The aim of the image the \.', orkstation of the Remote enslOg enter. .'""\. 
preparation is to obtain a significantly  enhanced image that allo\\ the ob en. ation of more 
details than in original form. To do such a ta k, the fol lowing technical step have been 
carried out : 
a. Geometric correction (rectification) It is u ed to remove al l  the geometnc 
anomalies and distortion in order to e tabl ish the appropriate corre pondence betw een the 
ground features and their correct po ition throughout the image. 
b. Global contra t It is applied to show a many detai ls as pos ible with a 
maximum accuracy 
c. Supef\ i ed c1as ification It is carried out to categorize the image into several 
land cover classes or theme based on the spectral characteri t ics ( ignature ) of all pixels 
in the image 
3. I mage Classificat ion : 
Since geometric distort ions are normally introduced to satel l i te data during 
acqui it ion, accordingly a geometric correction procedure i s  to be used to create a faithful 
representation of the original cene by correcting pixel location errors The net effect is 
that the resulting redistribution of the pixels including their spat ial d isplacements to new 
relatJ\ e positions is more accurate than their previous dist ribution in the distorted image. 
To rect ity the image of the two studied areas, several ground control points (GCP's) are 
entered to provide the coefficient applied to these images The Universal Transverse 
Mercator (UT\f) Projection is adopted, and the cubic convolution re-sampling technique 
is applied After the geometric correct ion is carried out the two images are contrastly 
enhanced (stretched) so that more information can be extracted This means that the 
detectabi l i ty of the targets is improved by amplifying their sl ight differences to make them 
readi l  ob ervable 
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Image cIa ification i the automatic categorizat ion of all pixels making up the 
mult i  pect ral images into everal land co er c1asse or themes The spectral characteri st ics 
of different feature manife t different combination of digital values (commonly known as 
pectral ignatures) On the basis of these spect ral signatures, a new output image is 
created ha ing pecific number of classes or categories There are two types of 
c1as ifications one 1 un upervi ed and the other supervised . The unsupervised 
c lassificat ion uses only the statistical properties ( i e the natural grouping of pixels) in the 
image data as a basi for clas ificat ion. The computer alone groups or separates the image 
pixels into clas es or categories that are not known In  order to ident ify these categories, 
the analyst must find informat ion from other sources l ike ground truth data. This method 
is used when l i t t le is known about the data before classification . Therefore, it is only useful 
if the c lasses can be appropriately interpreted (ERDAS Field Guide, 1 990) .  
The supervised c lassification i s  d ivided into two parts .  These are t raining and 
c lassifYing I n  the fir t part, the computer system must be trained to recognize the different 
categories of the data The user selects smal l training site ( group of pixels) belonging to 
the desired c lasses Depending upon the spectral properties of these training sites a set of 
stati stical criteria (signatures) is defined Once a set of reliable signatures is created and 
evaluated, classificat ion of the data is carried out Each pixel in the whole image is 
analyzed independently compared to each signature, and classified according to a certain 
decision rule (mathematical algorithm that uses part icular statistics, contained in  the 
signature, to sort the pixels) 
With the aid of the topographic maps, and ground truth data, the supervised 
c lassification technique is used in the present study. Figures 1 7  and 1 8  represent the 
results of the supervised classificat ion of the two studied areas. The characteristics of 
terrain types of each area wi l l  be d iscussed in the fol lowing two sections. 
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A. Terra i n  Type of A L-A i n  Area 
In thi area and dune ancient flu ial form , mountain foothi l l s, ancient oases, and 
recent urban developments interact . It is clear from Figure 1 7, that AJ-Ain City, extending 
a a tongue to the outhwest, is constricted between sand dunes in the north and sand , 
dunes and Jabal Hafit in the outh. The terrain types are grouped into natural, modified 
and urban types. 
Nat u ral  Terra in Types 
This oroup is  the dominant one, as it covers about two-thirds of the total area of 
the region The major types of this group are the sand dunes and Jabal Hafit bahada. 
( i )  Sand D u n es 
With the exception of the sand-free tongue of Al-Ain City, sand dunes cover the 
western part of the region These dunes represent the eastern margins of dune belts 
covering the northeastern part of the D .A .E .  The dune terrain is  c lassified into three types. 
The first type is I! Sand Dunes I I! characterized by low dunes where the sand is  mixed with 
fluvial sediments of wadis  fringing Al-Ain City from north and south . Due to occasional 
action of desert floods, the margin of this terrain is  eroded and modified. Also, this type is 
exposed to human being due to urban expansions. The second type "Sand Dunes I I "  
represents the dunes which are relatively stabi l ized by  occasional rain and short and 
dispersed shrubs. The thi rd type "Sand Dunes I I I "  is the recent mobile dunes. In several 
locations, these dunes override the first type of the dune terrain .  
( i i )  H atH Bahada 
This  terrain surrounds Hafit Mountain, of which only the northern part is  included 
in the southern part of the region. This terrain is a deposit ional plain formed at the feet of 
Jabal Hafit by running water duri ng the Quaternary. Due to i ts  locations, the margins of 
t hi s  bahada and the western margins of Al-Jaww bahada overlap. However, Figure 1 8  
shows that the sediments of the Hafit bahada extend beneath Al-Jaww deposits since they 
appear at small locations due to road engineering works. Also Figure 1 8  shows that the 
Fan deposits (younger) 
Fan deposits (older) 
Oman bahada 
M ixed bahada 
Jaba i l i afit Bahada 
M ixed so i l  and carbonate rocks 
Ophiolitic rocks 
Sand d u ne ( t h ick) 
Sand dune ( t h i n )  
A rben a reas 
Fig u re 1 8. S u perv ised terra i n  classificat ion of AI-Jaww p la in  
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depo it of Hafit bahada extend beneath the sand dune terrain, as the same terrain 
ignature of H afi t appear at everal locations to the north of Al-Ain City 
M od ified Terra in  Types 
Due to urban e pansion, natural terrain types are exposed to various degrees of 
modifications by human being The modified terrain i all bare soi l s  They represent areas 
prepared for future urban expansion except for the bedrock ridges of Jabal Hafit which 
belong to Bare oil Types I I  and I I I  Most of the bare soil areas lie in Al-Ain and Al­
Buraimi urban areas as wel l as the area of AI-Ain I nternational Airport area (presently 
under construction) ariations among the three types of bare soil are due to reaction in 
the original soil composit ion (bedrock, gravel, sand and si l t )  and the degree of man made 
modifications 
U rban Terra in  Ty pes 
There are three types of urban terrain :  built-up areas, green areas and palm oases. 
( 1 )  B u ilt- u p  A reas 
This is  the major type in Al-Ain region built-up areas include Al-Ain City, AI-Ain 
Suburbs and the adjacent Al-Buraimi town (Oman). Al-Ain city comprises the largest 
built -up area in the region Figure 1 7  shows the density of build ings in Al-Ain City which 
decreases westwards and northwards from the city center. Suburbs of Al-Ain are : Zakher 
town which extends as a strip along the north-western margins of Hath bahada, Ain AI­
Fayada recreat ional area at the western margins of Hafit bahada, and a governmental 
urban area at the north- eastern margins of Hafit bahada. Al-Buraimi Town l ies to the 
north of Al-Ain City center, and separated from it by bare soil 
( 2 )  G reen Areas 
These are sub-divided into two sub-types The first "Green Areas I "  includes all 
areas with plant growth.  Most of this sub-type represents the green urban parks, while the 
rest of it represents the rural/crop cultivated plots in the city itself, at sand free inter-dune 
· n  
areas to the north of :\1-:\10 City or at Al-Jaw\\. plain The 'econd ub-t� pe "Green -\reas 
n" represent the uncultivated fal lO\\ areas which are at re t 
(3) Palm Oases 
This type include the ancient oa e that are dominated b� palm gro\ e The e 
represent the original nat l\ e ettlement around \" hich modem urbanization rna hr omed 
I t  is clear from Figure 1 7  that there are e\ eral palm oa e in the central part of the region, 
the largest of v.. hich i kno\\ n as "AJ-Ain Oa e ," and the second ro_king i the "Burairni 
Oases " 
B. Terrai n  Types of AI-Ja�' Pla in  
In this area ancient alluvium and the high-land (mountain ) are the main terrain 
types beside sand dune and urban areas 
These terrain types are grouped into natural and urban types 
Nat u ral  Terra in Types 
This group is the dominant one, and covered about 900 0 of t he region The major 
types of this group are the fan deposits, the mountain and the bahada 
( a )  Fan Deposits  
This terrain occupie the centeral part of the invest igated region between Jabal 
Hafit in the we t and Oman mountain to the east Thi terrain is a depositional plain 
formed by running water as shown from the classified image (Figure 1 8) It consists 
mainly of four to five classes, reflect ing the water cycle in the study area as well as the 
grain size of the deposits (dark color signifies the younger and coarser deposits) 
( b) M o u nta ins  
Two terrain mountain types can be easily recognized from the image, the dark one 
(black) to the east is the Oman mountain and it takes this black color due to increases of 
iron made content, while the l ighter color type to the west is Jabal Hatit with whit ish 
carbonate content 
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( c )  Bahada 
Two bahadas can be ea i Jy recognized, the Hafit bahada to the west, and Oman 
mountain bahada to the east (near the center of the region) Hafit bahada is l ight and the 
other is yellowi h Figure 1 8  shows that the sediments of Hafit bahada extend beneath the 
Oman mountain bahada 
CHAPTER V 
GEOMORPHOLOGY OF 
AL-AIN AREA 
1 .  General 
C H A PT E R  V 
G EO M O R P H O LOGY O F  
A L-A I N  R E G ION 
The whole land surface of the study area can be thought of as comprising a mosaic 
of landforms of various sizes ranging from mountains and plains to wadis, dunes and small 
hi l ls Tho e landforms are not d istributed haphazardly on the earth's surface, but each of 
them represents a component in a set of forms forming morphologic systems. In every 
system, the shape of the landforms i tself is dependent on the processes working on it . 
Embabi and El-Sharkawy ( 1 990) state that, landforms can be thought of as processes' 
response systems, the morphology of which responds and also affected the processes 
operating within the systems Also, these systems are interrelated, since the outputs from 
landforms system become - in turn - inputs of other systems, and thus processes act ing on 
landforms exert fundamental cont rol on other forms. In the meantime, systems may 
change since environment is dynamic .  They are constant ly changing. This change is 
caused by energy that is obtained from the sun This change in energy has certain 
i mplications on the work of landforms systems. The most important implication is that 
because energy flow changes, and because systems adjust to change, many features in the 
environment at any moment might - at least in  part - be inherited from previous t imes 
when conditions and processes were different . Several of the landforms there are due not 
to any present day processes but to the effects of other conditions several thousands of 
years ago 
Space i mages provide an excellent tool for analyzing landforms in the study area. 
Interpretations of space images and field checks made it possible to divide the forms into 
four major groups (Figures 1 9  and 20) . 
a. The mountain region.  
b. The piedmont plain region. 
c. The drainage y tern 
d .  The dune fields 
Figu re 1 9. The ma in  geomorphic u n i t s  at AI-A in Region ( M = M o u n ta ins,  
P=Pied mont  Pla in,  D=D u n e  fields) .  
2. The Mounta in  Regio n :  
Jabal Hafit, Jabal 10undasah and Jabal Malaqiet are the main mountains in the 
study region The shape of Jabal Hafit is determined by it ant icl inal structure Its length i 
about 29 Km, the width 5 Km and it reachs an elevation of about 1 1 60m above the ea 
level In its core to the south, where the succession i composed almost of l imestones and 
dolomites (Rus Formation) resistant to wadi erosion, the mountain has a whaleback form 
with beds dipping down to the east and to the west along the two flod l imbs orth of the 
core, l imestones and marl of the lower and middle intervals of the Oammam Format ion 
are eroded forming a low-laying area with small hi l ls enclosed between the t rike ridges of 
the more resi tant Asmari Format ion l imestone These two strike ridges are cal led in the 
pre ent tudy the "eastern hogback" ( i t  is  not a cuesta, but is  defined as mentioned in other 
works, as the beds are dipping 70° due east ) which reaches in some parts an elevation of 
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320 m above ea level ( Figure _ 1  and 22  . and the '\\ e tern hogba . "  \\ i th bed.: dlppmg 
about 30° due \\'e t) \ .... ith a maximum elevation of 460 m (F igure 2 " )  
The eastern l imb of Jabal Hafit i s  al 0 characterized by lumping due t o  the 
presence of competent rock ( l ime tone ) and incompetent rock (marl ) and due al 0 to 
the high dip value I t  i repre ented by the repet ition of the trata (F igure 2' and _4) 
Jabal Malaqet and Jabal lunda ah are a part of the northern Oman fountain 
and located approximatley l 7  Km to the east of Jabal Hafi! They form a ymmetrical 
anticlinal structure The eastern l imb of each of them repre ent the main part of 
mountain (F igure 2 5 ), while the western l imb i represented b di connected t rike ridge 
The core of the ant icline in each, is remo ed b ero Ion 
Figure 2 1 .  The eastern hogback of J a bal  H a fit 
Figu re 2 2. The eastern hogback as  seen from t h e  top  of J a bal  H a f H  
Western hogback 
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Fig u re 23. The eastern a n d  western hogback as  seen from t h e  top of J a bal H a f H  
4 7  
Figure 24. Co mpetent  l i mestone roc k a nd i n co m petent  marl rock i n  J a ba l  H a li t 
/ . .# 
Figu re 25. La nd a t  i mage s h o w i n g  J a ba l  M alaqet  a n d  J a ba l  M u ndassah 
and their  eroded cores 
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Jabal AJ-Oha l ies about 8 Km north east of AJ-Ain city, it consists of three parallel 
hogback ridges about 1 0  Km in length orented NW -SE The ridges represent a fault 
repet itation of the western l imb of the horeshoe-shaped southerly-plunging anticline of 
Jabal Huwayah expo ed immediatel to the east of Jabal AJ-Oha 
Jabal Rawdha i i tuated at the western end of Hatta zone I t  is plunnging anticline 
t ructure eroided exuptfer of a l imestone hogback ridge. Figure 20 is a simplified 
geomorphic map of AJ-Ain area showing the di t ribution and shapes of the mountain of 
the investigated area . 
3. The Pied m o n t  pla i n  ( Ba h a d a )  region 
The term bahada refers to a deposit ional plain composed of coalescing series of 
al luvial fans formed at the foot-slopes of mountain ranges. Normally when a wadi issue 
from mountain area into the adjacent plain, an al luvial fan is deposited. Deposition occurs 
due to the change in water flow energy. Water energy depends on, among other factors, 
velocity that i s, in turn, a function of surface gradient . At the foot-slopes, water flow 
becomes slow and unconcentrated and is divided into several braided channels .  Therefore, 
water energy becomes very weak and insufficient to transport water load, and this happens 
suddenly due to sudden change in slope-gradient .  The resul t  is the deposition of rock 
fragment in a pattern simi lar to water flow branching that is a fan l ike pattern. Fan number 
and size depend on wadi numbers and wadi size issuing from the mountain range. 
Consequently, the bahada surface relief extension depends on these factors and adjacent 
l andforms systems. 
The bahada system in the investigated area fringes the mountain ranges. Therefore 
there are two bahadas, one in the west fi ri nging the Oman mountains from the east, (can 
be referred in this study as the gravel plain), and the second fringes Jabal Hafit (can be 
referred as the carbonate plain) 
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The gravel plain reaches its maximum development in AI-Jaw\\' plain, bem een the 
Oman mountains the area east of Jabal Hafit It con i ts of a gent ly incl ined gravel and 
sand plain, built up of the down-wash material drained by \\ adi from the ea tern 
mountains The plain is traversed by numerous v, adi , e g , AI-Ai n, hik and 1ura} khat 
The continuation of the wadi courses to the north i marked by a t ring of patche of 
sabkhas, formed at the t imes of flood due to the ri e of ground-water level 10st of the 
wadis are braided and run from east to west Vegetation is  spar e, compnstng low trees 
and small shrubs To the north of AI-Jaww plain a flat silty plain with extensi\ e areas of 
low dunes, is densely populated and spar ely vegetated (Al-Ain, Buraimi, Hi l i ,  ,etc , , )  
which represent the inter-dune piedmont plain ,  Figure 26 sho\\' a supervised classification 
image of Landsat data of Al-Jaww Plain From thi image it is  very easy to show that, 
there are three fans on that plain, named in this study, the Zarub fan at the north, 
Mundassah fan at the centeral part, and Ajran fan to the south The image shows that all 
three fans have three cycle of deposition that are di t inguishable by variat ion of separated 
brown coloration 
A carbonate debris plain occurs around Jabal Hafit and appears white in the 
Landsat image (Figure 26) Vegetation tends to be most dense in this plain rather than in 
the gravel plain The drainage is short and consequent on both flanks of Jabal Haftt .  
4. The Drainage systems 
The pattern of drainage in  the investigated area was clearly visible in the Landsat 
image scale 1 1 00,000, and accordingly a drainage map ( scale 1 ' 1 00,000) was const ructed 
(Figure 27) From this map it is clear that there are two drainage systems, namely, (a) 
Oman Mountains drainage system and (b) Jabal Hafit drainage system 
(a)  Oman Mountains Drainage System :  
The drainage pattern was found t o  b e  generally dendritic within the Oman 
mountains, as is typical of massive igneous rocks However, some areas, particularly due 
to fault ing, have a more rectangular pattern, with long stream segments trending at about 
60° to 70° W, paral lel to the northwe terly fault trend common through the Ophiolite 
( Figure 28) There i al 0 ome tendency for rectangular drainage in the faulted parts of 
the edimentary sequence west of the study area In the other edimentary rocks the 
drainage fol lO\\ the more usual dendritic pattern ( Figure 29) that usually change to 
braided pattern v" here lope decrea e a in Al-JaW\\I plain (Figure 30)  
o the reason for these variations in the drainage pattern are either deformation, 
or decrease in slope Rectangular drainage indicates areas where later deformation has 
cau ed fracturing along the preexisting northwesterly fault trend . Braided drainage 
indicate areas where the slope i decreased a well as the main rock types 
Figu re 26. La n d � a t  c lass i fied i m age of A I-J a \H\ p l a i n  (Z=Za rub fa n,  
M = M u ndassa h  fa n ,  and A=Aj ran fa n.  
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Figure 28. Rectangular dendritic drainage pattern in  the ophiolit ic sequence. 
Figure 29. Dendritic d rainage in the sed imentary rocks. 
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Figure 30. Braided drainage pattern in  AI-Jaww plain. 
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b. J a bal  H afit  d ra i n age sys tem:  
The drainage pattern of th i s  y tern occur we t of AJ-Jav,,"\\' plain and outh of Al-
Ain city. It is generally radial (Figure _7), but on a ba in cale the pattern range bem een 
dendritic to braided with orne modification to paral led and or rectangular e pecially in 
structurally controlled areas 
5. The Dune  Fields 
This geomorphic unit is  the most widespread in the United Arab Emirate , ince it  
landforms prevail in  about 900. 0 of the total area of the country The dunes are underlain 
by a stony to gravel ly undulat ing plain, extending westward from the bahada of the Oman 
mountains to the coastal area and southwards beyond the boundaries of the United Arab 
Emirates This plain is also chracterized by the presence of inland sabkhas 
The northern and western parts of the investigat ion area are dominated by dune 
fields The dune pattern is complex and can be subdi ided into the fol lowing morpho­
logical units 
i .  Linear d u nes: 
The northern part of the investigated area is  dominated by NE - SW dune ridges 
Figure 3 1  shows that these l inear dunes increase in density and change in color as towards 
the east The dune ridges end a bruptly in the far east at the foot hills of the Oman 
mountairs due to the effect of tomertiaI rase storms that initiate which comes in the 
mountains and descend to eroded the margins of the dunes and penetrates them as well in 
some parts (as for as Al-Ain city). A main feature of this area is  the interdunal depressions 
occupied by ablation hollows The dunes chape color from l ight (white) in the west to 
dark (yel low) in  the east This can be explained by the increase of the percentage of the 
carbonate in the west , and the existence of a thin crust of i ron oxides in the east I t  is also 
clear that the general direction of the dunes changes eastwards from east-west to NE-SW 
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i i .  Star d u ne : 
tar dune Figure 32  are radially yrnmetrical. pyramidal �and accumulation \ l th 
slip faces on arm that radiate from the high central part of the mound Thi type oc UL 
only in the outh\\. e tern of the inve tigated area Their occurrence i a oClated I,\ ith the 
W-E barchan and linear ridges tar dunes tart in an incomplete or immature fa hion with 
one or two arms at the slip faces of barchan ridge With progre ea tv. ard , tar dune 
become mature \.\ ith complete star form, and are organized as ingle row or ham 
replacing the barchan dunes or the linear ridge Further ea t ard . the number of tar 
dunes increases and instead of star rows or chains, a random clu tered pattern develop at 
the terminals of the l inear ridges where sand supply increa e siginificant ly ccompanied 
with this change, dune size increa e , and compound form develop Thi change in dune 
development, organizat ion, size and form eastward indicates that the tar dune develop in 
a quite low sand supply en ironment with suitable multidirectional wind region 
Figure 32. Star d u n e  at t h e  o u t h \\- e tern corner of t h e  im est iga ted a rea 
CHAPTER VI 
GEOLOGY OF 
AL-AIN REGION 
C H A PT E R  VI 
G E O LOGY O F  A L-AI N  REGION 
The geology of Al-ain region, was studied by several workers, e g . ,  Gibb ( 1 970), 
Terrate t ( 1 973) ,  Holderbank ( 1 975 ), Hunting Geology and Geophysics ( 1 979), Cherif 
and El-Deeb ( 1 984), Warrak ( 1 986), H amdan and EI-Deeb ( 1 990), and Hamdan and Bahr 
( 1 992) 
The invest igated area can be divided into four geological provinces (Figure 33), 
namel Jabal Hafit, Jabal Malaqet and Jabal Mundasah, Jabal Al-Oha and Jabal Rawdah, 
and AJ-Jav,.v, Plain The fol lowing is a sam mary of the geology of three provinces. 
1 .  Geology of Jabal  H afit 
Paleocene to Upper Eocene sequence is  exposed in Jabal Hafit, the low hil ls to the 
East of AJ-Jaww Plain, South of Al-Ain Seven separate units are identfiable (Hunting, 
Geology and Geophysics, 1 979) The principal divisions of this sequence include three 
marly zones separated by l imestone-dominated zones. Marls are commonly yellow with 
buff, red and brown inter-units and certain minor claystone and l imestone bands The 
l imestone-dominated zones contain minor marl and claystone bands, as well as nodular, 
nummulit ic and cherty l imestones. Figure 34 shows a computer aided new geolgical map 
that shows t he relation between the different geologic units after Hamdan and Bahr ( 1 992) 
as well as satel l i te data The seven units from base to top are : 
Cream Limestone Tie l  (W. Tarabat  Member) 
The lowest exposed interval of the Jabal Hafit succession forms the core of the 
high southern part of the mountain . This unit is  Paleocene to Middle Eocene. (Hunting, 
Geology and Geophysics, 1 979) The main l i thology is  a white or cream-weathering 
medium to coarse grained l imestone. I t  is thickly and indistinctly united the units being 
dist i nguished by variat ions in marl content that is, however, always low. Locally it  shows 
the development of the nodular structure characteristic of intervals higher in the sequence, 
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Figu re 33. M ai n  geological  provin ces of A I-A in  a rea 
L egend 
J abal  H afit 
Jabal  \ l a l aqet 
J abal  \ l u n d a  ah 
J abal  Zarub 
Jabal  Bin K h artull l  
Jabal  Ra" dah 
Jabal  H a\\ a) ) ah 
J abaJ A I-Oha 
AI-Ja" " pla in  
but typical! weather to mooth or fluted face and pavements or to surfaces covered by 
characteri stic pit ith bro"" n encru tation 
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I n  Wadi Tarabat and on the cre t of the mountain, the l imestone is replaced by 
dolomite The latt r i brown, medium grained saccharoidal rock, local ly spherul i t ic or 
porous and lacking dist iact bedding planes or other internal structures. I t  consists of a 
mo'aic of dolomite cry tal In Wadi Tarabat, the rock i s  crossed by numerous small 
fracture ti l led with calcite that gives it  a characterist ic brecciated appearance. 
Dolomitisation fol low the bedding immediately, but cuts across it on the crest of the 
mountain to the north-west and extends locally into the overlying gray l imestone. 
Figu re 34. G eological  map of J a ba l  Hafit.  
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Gray .L odular Lime tone TIe2 ( H il i  Member) 
The cream lime tone is  overlain b ' gray nodular l ime tone chiefly expo ed a a thin 
carapace on the dis ected dip slope at the north  end of the main rna of the mountain. The 
bedding surface of thi unit dips west of north at 100\'er than 30° and i trun ated belo\\ b 
the top of the Tie l Thi unit is 1iddle Eocene age 
The main rock type i a gray, locally pale brown to cream, fine to medium grained 
nodular l imestone The nodules are typically composed of ovoid masse , 1 0  to 50 cm in 
diameter, of gray, fine grained, structureless l imestone set in a matri of more marly to 
fissile l imestone. 
Many of the nodules have cores of sil iceous l imestone, dolomite or chert The e 
cores typical ly have an outer richly siliceous part which weathers brown or black and a 
less sil iceous core weathered grayish brown 
Lower Yel low Marl Tle3 (W. AI Nahayan Member) 
The overlying marls are exposed in the valleys marginal to the high core of Jabal 
Hafit They are thin and are cut out by overlap towards the south in the west l imb of the 
fold In the ea t l imb, they are al so thin and can not be traced with confidence south of the 
head waters of Wadi Tarabat . 
This unit i Middle Eocene in age. The main rock type is a yellow, brown or locally 
crimson fissile marl, which weathers to soft, easily fractured, spherical nodules near the 
surface Bedding is  defined by variations in cementation and carbonates content, the 
harder bands weather red or orange rather than yel low. The bedding is  insufficiently 
marked to affect the land form and the unit is  usually only exposed in scarp faces below 
the overlying limestone 
BufT Nodular Limestone Tle4 (Ain  AI-Faydah Member) 
The overlying buff l imestone is  exposed on both limbs and on the crest of Jabal 
Hafit To the west they form the prominent strike ridges on the flank of the mountain 
south of the cement factory, and on the east, one of the ridges on the east side of Wadi 
Tarabat The contact is conformable and gradational with the underlying marls Towards 
the south, the buff hOle tone overlaps the two underlying intervals (Tle3 and Tle2) and 
rests d I rectly on the cream l imestone (TIe l ) The contact is marked by a thin zone of 
brown fissile l ime tone \\ ith abundant large foraminifera and is sharp 
ThIs unit is 1 1ddle Eocene in age too (Hunting, Geology and Geophysics, 1 979) 
The typical rock type is  a buff, gray, weathered, medium grained l imestone inter-united 
with yello\.\. marl Beddmg is u ually dist inct,  especially in the north and the l imestone 
ho\,. s pinch-and-s\.\.el ls and nodular structure at many localities 
M iddle Yellow M a rl TieS ( M azyad M ember) 
The buff l imestone i s  overlain conformably by another marly interval poorly 
exposed in the cores of offset ant ic l ines extending north to AI-Ain industrial area, in the 
core of Jabal Hafit ant icl ine northeast of the cement factory and on the eastern limb of the 
fold This unit i s  Upper Eocene in age 
Brown N u m m ult ic  L imestone T1e6 ( M azyad M em ber) 
The overlying I ime�tone and marls Tle6 are extensively exposed in the low hills 
south of AI-Ain industrial area They also define the h inge zone of the Jabal Haftt anticline 
northeast of the cement factory and extend south down the eastern flank where they thin 
and die out 
This unit is  Lpper Eocene in age The main rock type is  a brown medium-grained 
foraminiferial coquina composed of closely packed forms mostly nummulites in a sparite 
cement . The rock has characteristic  finely pitted and fluted weathered surfaces and sho\\s 
a l i t t le l i thological variat ion. 
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The lower part of the unit lacks the characteristic brown l imestone I t  consists of 
medium to thinly bedded buff, grey-weathering l imestone units, set in yel low gypsiferous 
marl or clay Some horizons contain laminated l imestone with strata less than 5 mm thick 
and containing a rich assemblage of forms Elsewhere, the unit shows cross-bedding and is 
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porous I n  many respects, this part of the interval resembles the underl)ing buff l imestone 
(Tle4) except in respect of age 
G pper Yellow M a rl T1e7 (Zakher Member) 
The overlying marl i s  exposed near the ridges of the Oligocene l imestone of Jabal 
Hafit in the north and east of Wadi Tarabat south oh \ hich it appears to die out I ts  age is 
unknown, but is  assumed to be Upper Eocene 
The main rock type closely resembles that of other marly i ntervals It is  bufl 
brown or yellow-weatherd clays or marls with recrystall ised gypsum 
The Oligocene sequence is exposed in the area south of AI-Ain on the flanks of 
Jabal Hafit The upper part of the sequence contains i nter-banded muddy calcarenites and 
fossil iferous l imestones, marls and clays The l imestones are nummulitic towards the base 
and oolitic near the top The lower part of the Oligocene sequence consists mainly of 
l imestones that are mostly thick bedded and nodular with abundant fossil debris .  
The sequences consist of : 
Biostromal Limestone Tlo l ( M u taredh Member) 
The overlying l imestone is  exposed in the ridges that define the continuation of the 
Jabal Hafit structure towards AI-Ain town in the north The western ridge dies out just 
south of the cement factory The eastern ridge extends south to the latitude of the 
headwaters of Wadi Tarabat beyond which it enters a structurally complex region from 
which it does not reemerge as a recognizable band 
The base of the interval appear to be conformable. This is  consistent with a Lower 
Oligocene age, and the Upper Eocene age assigned to the underlying marl Tle7. 
The main rock type is a thickly bedded, grey-weathering, buff l imestone with 
abundant foraminifera It contains vugs l ined with recrystall ised calcite and is generally 
medium to coarse-grained The massive units are separated by selvages of yellow marly 
l imestone with abundant foraminifera towards the top of the interval, and by thm layers of 
chalky l imestone. The interval becomes increasingly marly towards the south where many 
fine coral heads have weathered out and are strewn on the surface of the talus Plentiful 
tragments of robust shel lfish and the bedded nature of 'the interval suggest that it is a 
bio. tromal l imestone marginal to a reef 
One fi.lrther outcrop of l imestone east of the road from Hil i  to Qam Bint Said 
contains fossiL 'uggest ing a Late Eocene to early Oligocene age. 
M uddy Calcaren ite and M a rl TI02 ( M uwaj i  Member) 
The overlying rocks  are only exposed at the base of the eastern side of Jabal Hath. 
The base of the interval is intercalated with the biostromal l imestone and is  conformable 
This unit is assumed to be of Miocene age 
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The 100\er part in this unit is a basal selvage rich in thick-shelled fossil fragments, 
but qUickly passes up into brown foraminiferial packstone, consist ing almost entirely of 
fornls in a muddy calcareous cement Bedding is poorly defined but outcropping layers are 
usually moderately cemented while the intervening material is marly and poorly cemented 
Certam horizons near the base contain well-preserved large gastropods and complete tests 
of echinoderms 
The upper part consists of a thi nly bedded sequence of muddy calcarenites, oolitic 
and bioclastic l imestones and gypsiferous marls and clays with abundant fossi ls. 
The Miocene succession forms i rregular scattered outcrops, occasionally as mesas 
near the coast . The Miocene units are generally flat lying on the eastern flank of Jabal 
Hafit . The Miocene sequence consist s  mamly of inter-banded gypsiferous marl and 
mudstone bands Thin l imestones and dolomites occur in the upper part of the sequence 
and fossi l iferous l imestone IS present near the base 
The seq uen ce fro m  base to top is as follows : 
Clay with Gyps u m  T M  1 
The overlying c lay with gypsum i s  exposed along the eastern flank of Jabal Hafit 
I ts base i s  marked by a band 1 0  - 20 em t hick of bedded celestite that is resistant to 
erosion and forms an excellent marker 
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There is  a general consensus among v, orker that the unit i � 1 iocene in age The 
main rock types are gypsiferous clay. motted ceram. bro\\ n or yello\ \\ here 0 - idlzed. but 
gray where fre h, and \\ hite, gray or yellow mas i\'e bedded gypsum. The clay locall) 
contains colour or grain size laminat ion and thin layer of calcaremte or biocla tiC 
l Imestone The lower part contains a higher proport ion of fo sil iferous lime tone. some of 
�hich is  oolit ic .  
Mottled Clay Tm2 
The youngest interval of the Jabal Hafit sequence is also restricted m outcrop to 
the western AI Jaww Plain. I t  is  believed to be �1 iocene in age and IS  d i  tmgui hed from 
the underlying clay with gypsum by the absence of thick gyp urn bands and the presence 
of thin layers of chalky carbonate, the lowest of which is taken a the base of the mterval 
The clays are brown, cream and yellow-mottled rocks. gray when fresh, and 
typically contain plentiful gy psum as crystals, vein and thin bands The carbonate bands 
are white, fine grained, locally siliceous or porous, and are composed mo t ly of dolomIte 
2.  Jabal Malaqet and Jabal M u ndassah 
Jabal Malaqet and Jabal Mundassah (Figure 3 5 )  are a part of the northern Oman 
mountains and located approximately 1 7  Km to the east of Jabal Hafit Both of these 
mountains exhibit asymmetrical anticl inal structuers The eastern l imb of each fold forms 
the main part of mountain, while the western l imb is demarcated by a senes of strike 
ridges 
The core of the anticline, of both mountains, is removed by erosion From the 
stratigraphical point view, the succession consists  of the following four format ional rock 
UnIts, arrenged from oldest to youngest, as fol lows 
i .  Semail Ophiolite (pre-Maastrichtian) 
i i .  Simsima Fom1ation ( Maastrichtian) 
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Figure 35. Geology of J a ba l  M alaqet and Jabal M un dassah (after H unt ing, 1 979) 
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i i i .  Pabdeh "equivalent " Formation (after Hamdan and Anan. 1 989 - in Jabal 
Malaqet ) / �1uthymimah Formation (after �olan el al. , 1 990 - in Jabal 1undas'ah­
Muthymimah) = Tie l of Hunting. 1 979 (Paleocene-Early to Middle Eocene) 
iv. Dammam Formation (Late Eocene) 
The geology of Jabal Malaqet was studeid by many authors, e g ,  Glennie ill al. 
( 1 974), Hunt ing Geology and Geophysics ( 1 979), Warrak ( 1 986), Hamdan and Anan 
( 1 989), Hamdan and EI-Deeb ( 1 990), Anan and Hamdan ( 1 992, 1 993) 
A brief describtion of these formations is ginn in the  following  sect ion : 
( i )  Semail Ophiolite 
Serpent inite and serpentinised peridotite referred to as the Semail Ophiolite are 
restncted to the lower slopes of Jabal Malaqet and Jabal �lundassah Elsev,here in the 
Oman Mountains this formation includes a range of plutonic igneous rocks and 
structurally overlies the Hawasina formation with which it  is  thought to be broadly 
contemporaneous 
( ii )  Simsima Limestone 
Uppermost Cretaceous rocks referred to the Simsima format ion are restricted to 
smal l outcrops at the northern end and on the western flank of Jabal Zarub (AI-Ain Area) 
and a small ridge on the eastern side of Jabal j\1alaqet These l imestone exposures rest on 
Semail Ophiolite on the eastern side of Jabal Malaqet with marked angular unconformity 
The outcrop consists of thickly b dded, medium to coarse-grained, gray, bioclastic 
l imestone 
( i i i )  Pabdeh " equ ivalent"  Format ion I M uthaymimah Formation 
�arl and Limestone Conglomerate Tie l 
The overlying sequence \\ hich forms th{' bulk of the outcrop east of AI Jaww Plain 
rests unconformably on the Simsima Formation in Jabal Malaqet and on Semail OphIolite 
in Jabal M undassah 
The sequence in Jabal Malaqet consists of pelagic marls interbeded with 
conglomerates of Middle Paleocene to Middle Eocene ( Hamdan and Anan 1 989, Hamdan 
and EI-Deeb, 1 990) But in Jabal Mundassah the basal rock is a green-orange flaggy 
argi l laceous l imestone overlain by thickly bedded limestone conglomerate and gray and 
orange colored flaggy argi l laceous l imestone interbedded with marl of Paleocene to 
Eocene age (Nolan et ai., 1 990) .  The l imestone conglomerate with graded bedding bands 
form the crests and dip slopes of ridges in both mountains. 
( iv )  Dammam Formation 
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The uppermost interval of the succession i s  exposed in  isolated strike ridges lying 
to the west of Jabal Malaqet and Jabal Mundassah (Upper Eocene) . The succession 
consist s  of yellow gypsiferous marl alternating with brown nummultic l imestone beds. The 
base of this succession is not exposed. 
The brown nummulitic l imestone appears to rest unconformably on all older rocks 
exposed eastern part of Al-Jaww plain. The unconformity cuts out the thick boulder 
conglomerates exposed on the eastern side of the anticline, thus explaining their absence 
from the western limb of the fold ( Hunting, Geology and Geophysics, 1 979) . 
The main rock-type is  brown porous medium-grained calcarenite, t he main clastic 
components of which are foraminiferal tests. Small outcrops between the strike ridges 
consist of yellow gypsiferous clay and marl and fissile marly l imestone. 
3. Geology of Jabal  AI-Oha and J abal Rawdah 
Jabal Oha l ies  about 8 Km northeast of Al-Ain / Buraimi (Fiuger 3 6) .  I t  consists of 
three parallel hogback ridges about 1 0  Km in length trending NW -SE.  The structure 
represents a fault  repetit ion of the western limb of Jabal Huwayah which is horseshoe­
shaped, southerly-plunging anticline exposed immediately to the east of Jabal Oha with the 
Maastrichtian rock cropping around it .  The Jabal Oha succession attains a total thickness 
of about 8 5  m. ,  and is of Late early to Late Maastrichtian age. It is divided into a lower 
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unit that consi t of gra) to green mud tone to hale of the Qahlah Formation. and 1 
capped by 3m thick unit of red-colored chert pebble conglomerate and J unconformabh 
overlained by \-,,"hite l ime tone of the im ima Fom1ation 
Jabal Rawdha is I tuated at the \-\ e tern end of the Hatta zone It on i t or a rid�e 
of Hav" asina lime tones \-\hich are unconformably overlain by an pper retaceou -Earh 
Tertiary carbonate cover This CO\ er i folded into open ymmetrical fold  with W \ -
trending axes 
Figure 36.  The m a i n  G eological u n i t s  of A I-J a w w p la in  
0 =  De ert p la in  depos i t s  m a i n ly gravel , F = F luv ia t i le deposi t s  
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4. Geology of A I-Jaww Pla in  
Most of th is  area is covered by Quaternary deposits Five types have been 
recognized and are described below 
( a )  Fluvial  Deposits (Qg)  
Alluvial deposits occur beneath the piedmont plains fringing the Oman Mountains 
and Jabal Hafh They range from boulder gravel and conglomerate where wadis debouch 
trom the Oman Mountains to fine sand and siIt where the main wadis become lost in the 
dunes furyher to the west . 
A typical sect ion through the alluvium of Al-Jaww Plain consists of pebbles and 
cobbles of gabbros, serpentinite, l imestone and chert set in a [me-grained cement of 
carbonate si lt .  At some local ities, the clastic matrix is absent and the pebbles are either 
uncemented or loosely held together by coarse-grained recrystall ised calcite. These rocks 
are both porous and permeable and make excellent aquifers The deposIts are crudely 
bedded and contain impersistent lenses of cross-laminated sand Around Jabal Hafh the 
clastics are composed predomintly of l imestone 
Towards Al-Ain town and further west the gravel and conglomerates are replaced 
progressively by inter-bedded sand, silt and calcrete. The sand and silt are typically cross­
laminated, brown or \\'hite and calcareous, � ith scattered pebbles and cobbles They tend 
to be more tlrmly cemented than the conglomerates The calcrete is typically white, lacks 
obvious bedding, contains scattered grains of sil ica and altered igneous rocks and contains 
i rregular tracture surfaces and vugs coated with iron and manganese oxides 
Towards the west ", here the al luvium becomes sufficiently fine-grained Figuer 36, 
it i s  subjected to wind act ion and the area partly covered by low sand dunes 
( b )  Desert P la in  Deposits ( Qes) 
Most of the remaining flat or gent ly undulat ing parts of the area are underlain by 
desert plain deposits They occur between the dune ridges mainly in the west and north of 
the studied area. 
Typical exposures consi t of 10\,.' scarp at the margin of the ablation hollow and 
flats. They are of inter-layered pale gray laminated silt that i 100 ely cemented \\ith 
carbonate, and red or brown sand locall ' showing dune bedding The e rocks type 
represent dune sands v. hich have been cemented by salts at t imes of higher water table and 
that have been subsequently reexposed by ablatIOn Adjacent part of the plains are 
covered with nodules of sandstone formed by surface cementatIOn of the e rocks type 
and by scattered pebbles of serpent inite, gabbro, l imestone and chert ection expo ed 111 
borrow pits near Jabal Muhayj ir  and elsev.here show that inter-Iyered gravel, pebbly 
calcrete, nodular l imestone and calcareous silt also make up a part of the de ert plain 
deposits  
(c )  M ixed Deposits (QTm) 
I n  the north of the area along Wadi Jabib, simi lar rocks, including v.hite calcrete 
with rotted serpentinite granules and brown calcareous sandstone are exposed in  low 
scarps Lithologically, they are also very simi lar to the rocks exposed in and around 
Costain's quarry at Bayadat which have been assigned a Miocene age (Hunting, Geology 
and Geophysics, 1 976) 
( d )  Sabkha Deposits (Qsb) 
Sabkha deposits occur where the main wadi channels enter the sand dunes and at 
other locations within the dunes l iable to flooding by rising groundwater Sabkhas are also 
developed on the lower parts of gravel and sand plains at and west of Ain bu Sukhanah 
They are dist ingUlshed on the air photographs by their l ight tone caused by surface layers 
of calcareous slit deposited from pools of flood water Such l ight-toned patches are 
common along the margins of the d istal parts of the main wadi channels where the 
al luvium is interspersed with low sand dunes This setup forms t raps for floodwater 
The main rock type is a buff to gray, loosely cemented calcareous si l t .  Visible 
gypsum, which is  common in the Sabkhas near the coast, is  rare in the AI-Ain area except 
around Ain bu Sukhanah. 
( e )  -\eolian Sa nd  (Qd ) 
The greater part of the area is covered by sand dunes The sand varies in color 
from red and pink to white and tends to be l ighter in tone where involved in active 
tran port a - at the CI est . of dunes The clastics are of wel l-rounded grains of carbonate 
and quartz with minor proportions of basic and ulterabasic rock types SortIng is generally 
poor and no pure sIlica sand have been observed 
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CHAPTER VII 
MORPHOMETRIC PARAMETERS OF 
DRAINAGE SYSTEMS OF 
AL-AIN AREA 
C H A PT E R  V I I  
M O R P H O M ETRIC PA RA M ETERS OF T H E  D RA I NAGE 
SYST E M S  O F  A L-A I N  A REA, AND T H E m  
R E LA T I O N  T O  FLOOD H AZARDS 
Storm rainfal l  is  characterist ic of desert cloudburst s, and if converted entirely into 
runoff, would create floods of enormous magnitudes Bare rocks may make up far more of 
the sutface composit ion of the deserts than unconsolidated sediments and its sutface water 
yield i n  response to rainfall may approach, at least in some cases, very high values. 
Drainage basins are the fundamental units of the fluvial landscape. The purpose of 
this chapter i s  to  describe the relat ionship between basin morphometry and stream runoff 
predicat ion 
Morphometric A nalysis: 
According to Horton ( 1 94 5 )  basin analysis is  described in terms of the relationship 
of " st ream number" and " drainage area" to"stream order" in any one drainage basin.  
S tream order i s  a measure of the posit ion of a stream in the hierarchy of t ributaries 
(Horton, 1 945 )  or i ts  position (rank) in t he graded ranks of t ributaries of a drainage net . 
The first order streams are those which have as t ributaries only first order channels. Each 
second order stream is considered, however, to extend head ward to the tip of the longest 
t ributaries it  drains Which t ributary to cal l  the headward extension of a given second 
order, where differences i n  length are i nsignificant is a matter of choice (Leopold et aI . ,  
1 964) The one that seems to  b e  the l inear extension o f  the second order stream is usually 
chosen although in correlating discharge with drainage basin limit, the tributary with the 
l argest drainage area i s  probably t he most significant A third order stream receives as 
t ributaries only first and second order channels and it is  also considered to extend 
headward to t he end of the longest t ributary Strahler ( 1 957)  suggested a different way of 
designating stream order restricting it to stream segments This modification simplifies 
computation but of course shortens the length of the main channel . The relat ion between 
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stream order and stream number howe er, is but l itt le affected The onginal Horton 
definition of stream order, however, is retained in the present tudy 
The "bifurcation ratio" is introduced by Horton ( 1 945 )  to express the rat io of the 
number of streams of any given order to the number in the next higher order, i e ,  for 
example, first order to econd order, second order to third order, ,etc 
Rb=N uINu+ l 
Where Rb = bifurcation ratio, Nu = number of streams of a gi en order, and 
u+ 1 = number of streams of the next order 
Actually, the bifurcation ratio represents the slope of the line relat ing number of 
streams to stream order Horton found that this ratio commonly ranges between 2 and 4 
Leopold et al . (1 964), found that this ratio tends closely to equal 3 5 for the drainage net 
of the United States 
Horton gave the fol lowing equation for the determination of the relation between 
number of streams in a basin with bifurcation rat io :  
Where s = order of main stream, u = given order. Strahler ( 1 957)  expresses the 
above equation as 
Log N u = a-bu 
Where the anti-log of (b) is the bifurcation ratio .  
To arrive at a more representative bifurcation number, Strahler ( 1 957)  used a 
"weighted mean bifurcat ion number" obtained by mult iplying the bifurcation rat io for each 
successive pair of orders by the total number of streams involved in the ratio and taking 
the mean of the sum of these values. 
Drainage density is a measure of the cumulative length of all streams shown in a 
drainage basin to its total area. I t  is simply a length per unjt of area, i e ,  D = LI AD It was 
found to range from one to 1 000 in nature (Leopold et aI. , 1 964) 
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tream frequency ( Fs) is defined by Horton ( 1 945 )  as a number of stream per unit 
of area in contradisti nction to drainage density that accounts for the length of streams per 
unit of area Thus Fs = / A ,  where = the total number of streams in a drainage basin 
Texture rat io is  introduced by Smith ( 1 950) as a l imit in quantitative drainage basin 
analysi The term is designed to describe the closeness or proximity of one channel to 
another. The rat io is equal to the contour with the most crenulations divided by the length 
of the perimeter of the drainage basin . The crenulations of the hypothetical contour or the 
channel crossing of the contour are a measure of closeness of the channel spacing; it is  
directly related to drainage density Coarse, medium and fine drainage textures may be 
used when the texture ratio (Tr) is equal to less than 4 .0, 4 .0 to 1 0 .0  and greater than 1 0 0 
respectively 
The weighted mean texture ratio of a gIven area IS  derived by the equation 
( Smith, 1 950) 
Tm = L A N  / P  LA 
where = maximum number of crenulations on a contour, P = length of the 
perimeter of a basin, and A = area of basin .  It is the rat io of the sum of the products of the 
basin area t imes the texture rat io for each basin (L  A N / P )  to the sum of the areas of the 
basin ( LA) .  
M aterials and M ethods:  
The study was based on information derived from Landsat TM images of 
1 : ]  ,000,000 scale and from 1 :  1 ,000,000 topographic maps. The primary advantages of 
small-scale photographs is a higher work efficiency and a more synoptic presentation of 
the terrains The use of small-scale topographic maps and the synopt ic coverage of 
satel l i te image also permit faster delineation of the drainage l ines and basins than the use 
of large scale airphotomoasics. The almost uniform vertical projection of Landsat products 
fits  closely to controlled base maps Finally, a Landsat image has the advantage of being 
mult ispectral . 
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From the Landsat images all the drainage l ines were dra\\ n. After the delineation 
of the drainage network, the outlines of the drainage basins were idendified ( Figure 37) 
The procedure fol lowed in the preparat ion of the drainage ba in  for analy I 1 
rather simple The drainage net was traced from the drainage map and mdia-inked On 
another overlay strear'1 order were differentiated using a l ight table to en ure the maximum 
degree of accuracy in data transfer Different coloured pencils were u ed to differentiate 
the streams of different orders However, in  the final reproduction dotted, da hed and 
solid lines of different thicknesses were used to distinguish streams of different orders 
Measurements of the lengths of the different streams of the different orders and the areas 
of the different basins were carried out on the second overlays 
umbers of drainage l ines of each order as well as the total drainage hnes, the total 
channel lengths and average channel length of each order, the basin area, ba in length, 
basin perimeter, valley lengths drainage density and gradient slopes were measured for the 
studied oasins and the values of the morphometric parameters of the studied basins were 
listed in Tables 7 and 8 The fol lowing is a brief discussion of the important hydrologic 
factors that affect the water runoff in both Oman Mountain drainage system and Jabal 
Hafit drainage system 
A. Oman Mountair.  Drainage System 
1 .  Linear Basin Morphomet ry 
One of the major contributions of Horton ( 1 945)  to the study of drainage networks 
IS  his recogniation of nomothetic relationships of stream length and stream numbers to 
stream order In the study area most of the basins consist of a third to fifth order stream 
(Table 7) When the number of streams ( in each order is determined and plotted 
agamst stream order (0), on a semi-log pape/ , a simple geometrical relationship is often 
revealed by a straight lme A similar relationship / also obtained when the average length 
of streams in each order is plotted against s tream order ( Figuer 38) . The geometrical 
t 
L e g e n d  
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Figure 37. D ra inage basins  of western Oman mountains watershed showing the 
h ierarchy of tributaries accord ing to H orton's  methods ( 1 945) 
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B. no. Stre a m  order 
l st 2nd 3rd 4th 5th 
1 7 1  1 6  6 1 -
2 25 8 1 - -
3 1 2  3 1 - -
" 'i8 I "  3 1 1 
5 30 8 2 1 -
6 23 7 3 I -
7 1 08 2 1  6 I 1 
8 1 00 23 5 I 1 
9 7 1 1 - -
10 1 2  2 1 - -
1 1  60 1 7  4 1 1 
1 2  1 6  6 1 - -
1 3  46 1 0  1 I -
1 4  76 1 4 1 1 
1 5  1 36 4 1  9 3 1 
ht 
1 . 2  
1 . 5  
1 .6 
1 .03 
1.5 
1 . 3  
lA 
1 .03 
1 . 6  
1 . 1  
1 . 4  
1 .95 
1 . 4  
12 
1 . 1  
S t ream m e a n  length 
2 n d  
2.6 
3.0" 
3. 1 
2,6 
3.6 
1 . 9  
3.8 
2.3 
8.5 
2.8 
3.4 
4.6 
3.5 
3.2  
2 . 2  
3rd 4 t h  5th 
6. 1 32 -
1 2  - -
1 0.5 - -
7.9 9.2 16 
8. 1 1 4  -
4 . 2  8.7 -
8.7 1 5.5 3 1 . 2  
5.7 13 28.5 
1 0  - -
1 1 .5  - -
8.4 1 1 .2 19 
1 8 . 1  - -
6.4 25.5 -
8.5 1 5  1 8.5 
6 . 4  1 3.8 23.8 
B.No. = Basin N u m ber 
A rea km 2 
T. L. = Total  length ( k m )  
D = Densi ty 
F = Frequ ency 
Rb = Bifu rca tion 
Area 
98.3 
32.5 
1 5.5 
67. 1 
44. 1 
32.8 
1 85 
1 33 . 7  
1 6.9 
1 7. 1  
1 1 8.7 
39.3 
84.3 
1 36.3 
1 49.5 
W . L. = Wadi Len gth (km) 
W. W. = Wadi W i d t h  (km) 
T. L. 
1 94.6 
74.3 
39. 2 
1 44 . 2  
1 03. ] 
65.5 
324. 2 
225 
29.5 
29.6 
2 1 1 . 8  
76 6 
3 1 .3 
268.2 
367. 1 
Di. EI.  = DifTerences i n  Elevat ion ( m )  
D I fD  
1 .9  0.52 
2.3 0.43 
2.5 0.40 
2. 1 0.47 
23 0.43 
1 . 9  0.52 
1 .8 0.55 
1 . 7  0.58 
1 . 7  0 58 
1 . 7  0.58 
1 . 8  0.55 
1 . 4  0. 7 1  
1 .6 0.62 
1 . 5  0.66 
2.5 0.40 
Table 7. Drainage analysis in Oman mountains basins 
02 F F/02 Rb 
0.27 0.95 3.51 4.3 
0. 1 8  0.64 3.55 5.6 
0. 1 6  1 .03 6 . .!3 3.5 
0.22 1 . 1  5.00 3.9 
0. 1 8  0.9 5.00 3.2 
\1. 27 1 .03 3.8 1 2.9 
0.30 0. 7 1  2.36 3.9 
0.34 0.97 2.85 3.7 
0.34 0.5 1 . 4 7  ·to 
0.34 0.87 2.55 4.0 
0.30 0.69 2.30 3.2 
0.51 0.58 1 . 1 3  4.4 
0.39 0.68 J. 74 5.2 
0.44 0.7 1 .59 3.5 
0. 1 6  1 . 2 7  7.93 3.5 
W. L. W. W. Di. EI. 
26. 1 8. 2 
1 0  4.7 
9 1.8 
1 2.4 7.7 
1 2.5 6.4 
9.5 6.4 
22. 7  1 4.8 
1 7.6 1 5.6 
7.6 3.2 
8.5 3.3 
1 7.4 1 2.9 
1 5. 7  4.6 
19.2  6. 1 
1 6.6 1 2.8 
2 1  18.2  
800 
100 
-
664 
623 
500 
800 
700 
100 
300 
600 
1 00 
500 
600 
300 
-l 
oc 
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relationship eems to result from an increa e in the number of tream from one order to 
that of the next higher orders by a con tant ratio, called "Bifurcation rat io" ( Rb) From 
Table 7 it is clear that the bifurcation ratio in the study area range from 2 9 to 5 6 but the 
majority cluster in the range between 3 5 to 4 0 The value of this ratio in man) ample 
from United State is approximately 3 5 (Leopold ef al , 1 964) Yehia ( 1 973)  in hi tudy 
of 234 drainage basins on the eastern and we tern side of the i le in Eg) pt found that the 
bifurcation rat io of the majority of streams ranges among 2 and 5 
The value of bifurcation ratio is very important in water flooding, mall value 
mean rapid flooding and large values usually means reduced floods Mean length of a 
stream channel segment is a dimensional property reveal ing the characteri tic size of 
components of a drainage network and its contributing basin surface Table 7 show the 
measured stream length in the study area which ranges between 367 1 km2 to 29 5 km2 I f  
the law o f  stream order (Horton, 1 945)  i s  valid, a plot o f  stream length (ordinates) as a 
function of order (abscissa) should yield a set of point s lying essentially along a straight 
line The relat ionship of stream length and water flood is the same as bifurcation rat io to 
water flood in which increase of stream length decreases the flood potential 
2. Area Aspects of Drainage Basins 
The drainage basins under investigat ion range in area between 1 5  km2 and 1 85 
km2 According to Figures 39 and 40 the studied basins can be grouped by size into three 
populations, the first is the large basins (range between 1 1 8 7 km2 - 1 85 km2 in area) that 
include W Musayliq basin (no 8 in Figure 39), W Ghayl basin (no 7), W AI-Ain basin 
(no 1 5),  W Bu Qalah basin ( no 1 1 ), and W Saad basin ( no 1 4 ) The second population is 
the medium basins (range between 67 1 krn2 - 98 3 krn2) which include, W Ajran basin 
( no 1 ), W Mudabbah basin ( noA), and W Khuqayrah basin ( no 1 3 ) While the small 
basins ( less than 39 3 krn2) include, W. Muraykhat basin (no 2), W. Thuqbat Saah basin 
( no 3 ), W Lihast basin ( no 5 ), W Shik basin (no 6), W Sidr basin ( no 9), W Masah basin 
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Figure 39. D ra inage area of the study basi n  
80 
t 
----8 a f M  
I 
". 
) 
( 
8 1  
( no 1 0), and W Khubayb basin ( no 1 2 ) From the Area point of \le\\ different parameter 
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Figure 40.  Drainage basins of western Oman mountains watershed accord ing  
to s ize ( area) 
a) Drainage Density: 
Drainage density reflects the effect i-veness of overland flow as well as the 
infiltration, and can be considered as an approximate measure of the length of overland 
flow The drainage densitie in the study area range between 1 . 5 and 2 5 . 
The highest drainage densIty values of W AI-Ain basin ( no 1 5  in Figure 39) and 
W. Thuqbat Saah basin ( no . 3 ), are the produc t  of erosIOn and dissection by the overland 
flow (99�� of the basin are rocky land) Whi'e the lowest drainage density value of W 
Saad basin ( no 1 4) is mainly related to runcff processes dominated by infiltration and 
subsurface flow (27% of the basin are al luvial deposits) With increasing drainage density 
as in W AI-Ain the path length of overland flow decreases, and the mountain slope angle 
increases, con seq uently the velocity of the runoff increases 
The drainage density parameter shoVv s that the studied drainage basins can be 
arranged according to the velocity of runoff ,tS fol lows wadis AI-Ain basin ( no 1 5 ), W 
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Thuqbat aah basin (no 3 ), W Muraykhat basin ( no 2 ), W Lihast basin (no 5) ,W 
Mudabbah ba in ( no 4 ), W Ajran basin ( no 1 ), W hik basin (no 6) ,  W Khubayb basin 
( no. 1 2 ) , \\ Bu Qalah basin ( no I t ) , W Ghayl basin (no 7), W Sidr basin (no 9), W 
1asah basin ( no 1 0), W Mu ayl iq basin (no 8 ), W Khuqayrah basin (no 1 3 ) and W Saad 
basin (no 1 4) 
b )  Dra inage Freq uency:  
Drainage frequencies in the studied areas range from 0 1 6  to 0 3 1  line per Km2. 
The three highest frequency basins « 0  3 L / Km2) are main waterdivide of the Oman 
mountains These areas represent the most pronounced catchement sites Moreover, the 
majority of the basin area i s  covered by frequency values ranging from 0 1 6 1  to 0 20 per 
Km2 (Table 7) Wadi Shik basin (no 6) and W Khuqayrah basin ( no 1 3 ) drainage basin 
hovv s only two small areas of high frequency value, while the majority of the basin area is 
affected by 10\ to moderately frequency values. 
On the basis of the distribution of the drainage frequency in the studied drainage 
basins, the maximum probable flood will occur in wadis Musayl iq basin ( no 8), W Masah 
basin (no . l 0), \V Saad basin (no 1 4) if the rain fal l  on any part of the basm, but local 
flooding only will l ikely occur in the other r asins 
c) Dra inage Basin Relief: 
With increasing relief, steeper hil l -slopes and higher stream gradients, t ime of 
residence of runoff wil l  decrease, thereby increasing flooding.  The important drainage 
basin relief parameters are the difference in elevations between the headv. ater divIde and 
wadi mouth, rel ief ratio, relative relief between the rocky and alluvial areas, and 
raggedness number The measured and cakulated values of these parameters are l isted in 
Table 7 .  Wadi Ajran basm (no I ), and W Ghayl baSin (no 7)  show the greatest values of 
these parameters, while wadi �1uraykhat basin (no 2), W Sldr basin (no.9), and W Bu 
Qalah basin ( no. l 1 )  show the lowest value�. 
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d ). Basin and  VaHey Length : 
For larger and longer runoff events, evaporat ion could be Important a it may 
reach 1 0  mmJday in extreme desert s  TransnUssion 10 es during flood generat ion are quite 
significant in wadi Ajran basin ( no. 1 ), ( length reaches 26 1 km and it valley cour e length 
is 29 km), comparison with those of wadi Ghayl basin ( no 7)  and wadi Khuqayrah ba in 
(no 1 3 ) (basin lengths are 77 Km and 89Km and alley lengths are 1 03 and 1 1 6 Km 
respectively) Actually, the evaporation factor i s  nearly negligible in the la t two basins 
e) Basin  Shape:  
Values of circularity, elongation and shape index in Figure 39 show that wadi Shik 
basin (no .8 )  and W AI-Ain basin ( no 1 5 ) have circular to hexagonal hapes, adi Ajran 
basin (no 1 ), W Muraykhat basin (no.2),  W Thuqbat Saah basin (no 3 ), W Mudabbah 
basin (no 4), and W. Lihast basin (no 5 )  are elongated, and wadi Musayl iq basin (no 8) has 
rather triangular shape. The circular shape represents the most favorable shape and 
conditions for shortest runoff distance than the other shapes However, the basin shape 
parameter cannot be taken singularly as control l ing factor on flooding as separate 
parameter or with other parameters of less influence on the flooding as the bifurcation 
ratio. 
B. Jabal H afit Drainage System 
1 .  L inear Basin Morphometry 
The same method of drainage analysis which was carried out for the drainage 
system of Oman mountains was applied to the analysis of the drainage at labal Hafit 
Figure 4 1 ,  Table 8, shows the different measuremnts for the 5 separte drainage basins 
Most of these basins contain fourth order streams, which is  less than basins of the Oman 
mountains (5 th  order) When the number and length of streams (N) in each order is 
;:>lotted against stream order, on a senU-log paper, a simple geometrical relationship is 
rerealed by straight l ine Figure 42 but with different slope than that of Oman mountains 
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Figure 4 1 .  D ra inage bas in  of Jabal  Bafit watershed showing the h ierarchy of 
tr ibutaries accord ing  to H o rton's  methods ( 1 945) 
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B. no. Stream order 
ht 2nd 3 rd 4 t h  
1 40 1 1  2 1 
2 35 1 1  4 1 
3 07 02 1 -
4 33 1 0  1 -
S 3 1  1 1  4 1 
Steram mean length 
1 st 2 n d  3rd 4 t h  
1 .55 3.50 7. 1 25.2 
1 . 1 7  2.06 6. 1 7  1 2. 1  
1 . 20 3.40 5. 20 -
1 .44 3.34 1 l .5 -
0.98 2.26 5.67 10.7 
B.No. = Basin N u mber 
A rea km 2 
T.L. = Total length ( km )  
D = Density 
F = F req ue ncy 
Area 
76.34 
38.50 
09.56 
48.56 
54.53 
W . L. = W a d i  Length (km) 
W. W. = Wad i W i d t h  (km) 
T· l· 
1 39.9 
1 1 9.4 
20.4 
82.4 
88.7 
Di. EI. = D ifTe rences in Elevation ( m )  
D 
1 . 8  
3 . 2  
2. 1 
1 . 9  
1 . 6  
Table 8. Dra inage analysis in  Jabal Rafit basins 
1 / D  D 2  F F/ri 
0.55 0.30 0.70 2.33 
0.3 1 0.09 1 . 30 14. 4  
0.47 0.22 1 .04 4.72 
0.52 0.27 0.91 3.37 
0.62 0.39 0.86 2.20 
W L . W VI. 
18 9 
9 6 
7 2.S 
1 1  8 
8 8 
di cl 
400 
300 
300 
800 
600 
I 
00 
fJl 
From Table 8 it is clear that the bifurcation ratio range from 2 . 8  to 3 7 with an 
exceptional case of Wadi Al-Ashkhar basin (no 4 in Figure 4 1 )  because it is incomplete 
The data al 0 shows that Wadi Al-Ain Al-Faydah basin (no 3) may result in rapid flooding 
fol lowed by W Al-Ain basin (no 1 )  and W. Tarabat basin (no.2 ) Table 8 shows the 
measurements of stream length of Jabal Hafit which range between 25  Km to less than one 
Km This indicates that the drainage length, at Jabal Hafit is smaller than drainage length 
at Oman mountains, shorter stream length mean rapid flooding 
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Figu re 42. Relation of stream order length and n u m ber of stream of 
5 d ifferent  d rainage basins design ted 1 t h rough 5 in Table 8 and Figure 4 1 .  
2 .  A rea Aspects o f  D ra inage Basins 
The drainage areas of Jabal Hafit basins range between 9 5 Jcm2 and 76 3 km2 in 
area (Figures 4 1  and 43 ) The studied basins fal l  i n  the "small basin" category ranging from 
9 56 km2 to 54 .53  Jcm2 in area except W Al-Ain  basin ( no. 1 in Figure 44) which can be 
considerd as medium in area ranging from 76. 34  Jcm2. From the areal point of view the 
different parameters can be evaluated as follows: 
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Figu re 43. Drainage basins of Jabal H afit accord ing to s ize (area) 
(a) Drainage Density :  
Drainage density a s  explained is  measured by  calculat ing the total length (L)  of  all 
streams in the basin and dividing it by the area ( A) of the whole basin . Table 8 shows the 
calculated drainage density of Jabal Hafit .  I t  ranges in between 1 . 8 and 3 2 with the 
highest value is  recorded for W. Tarabat basin ( no 2 in Figure 44), and the lowest for W 
Milehah basin (no 5 )  As drainage density increases the velocity of the runoff increases 
According to the drainage density the velocity of the runoff can be arranged at Jabal Hafit 
as fol lows. Wadi Milehah basin (no . 5 ), W. Al-Ain  basin (no 1 ), W. Al-Ashkhar basin 
(no .4) ,  W. Al-Ain Al-Faydah basin ( no . 3 ), and W. Tarabat basin (no 2 ) . 
(b)  Drainage Freq uency: 
Drainage frequency is  the number of stream segments per unit area Table 8 shows 
the stream frequency at Jabal Hafit which ranges between 0 .7  and I 3 On the basies of 
drainage frequency distribution the maximum probable flood will occur in W Al-Ain basin 
( no. 1 )  and followed by W. Milehah basin (no . 5 )  and W. Al-Ashkhar basin (no . 4) .  
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(c) Dra inage Basin Rel ief: 
As mentioned before, with Increase of relief the probabi l ity of flooding wi l l  
increase Table 8 shows the measured drainage rel ief at  Jabal Hafi l  WadI AI-Am ba In 
(no. 1 ) shows the highest value of this parameter 
( d )  Basin and al ly lengt h :  
From Table 8 ,  Wadi AI-fun basin (no 1 )  is  found t o  have the longe t tributuries 
with increase in drainage number which repre ents more flooding, v. hile W AI-fun AI­
F aydah basin (no 3) represents the less flooding. 
( e )  Basin Shape:  
Wadi AI-Ain basin (no 1 )  has an elongated shape while W Tarabat ba in (no 2 ), 
W AI-Ain AlFaydah basin (no 3 )  and W AI-Ashkhar basin (no 4) have triangular hape 
W Mileheh basin (no 5) has a square shape. W AI-Ain ba in (no 1 )  represent the most 
favorable shape for flooding because the runoff distance will be small in its tribtanis 
CHAPTER VIII 
FLASH FLOODS AT 
AL-AIN REGION 
C H A P T E R  V I I I  
FLA S H  FLOODS A T  A L-A I N  REG ION 
From the study of the  cl imatic record of Al-Ain region between 1 972 to  1 993, one 
can easi ly find that most of the heavy rains occur during the month of February. Figure 45 
shows the mean February rainfall in AJ-Ain region between 1 972 to 1 993 . From this 
Figure, five peaks of maximum rainfall can be identified namely in 1 976 1 982 1 988 , , , 
1 990, and 1 993 The fol lowing is a breif describtion of the last three major floods in Al-
Ain region, namely 1 988,  1 990, and 1 993 for which records are available. 
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Figure 44. Mean February rainfal l  1 972 - 1 992 
1 .  February 1 988 Flood 
The month of February is typifed by rapidly changing weather systems, that are 
often very severe. On February 1 988, unprecedented rainfall broke all records and cauesd 
widespread flooding and considerable wind and water damage affected the study area. 
At the beginning of the month strong southeasterly wind caused local sand and 
duststorm conditions over AJ-Ain region (Figure 46) but these soon weakened and a 
moderate northeaserly " Shamal" winds prevailed for the remaineder of the first two weeks 
of the month. Towards the middle of the month, the synoptic situation which was to 
produce the excptional rainfall was developing. Convergent lower-level south westerly 
9 1  
\\ ind ,\ ere blo\\ ing o\ er the tudy area into a deep de-eft 10\\ ov er Oman \ lountalO: I n  
the middle le\ el of the atmo pherea outhwe terly air tream, onginating from the Ea t 
African exten ion of the I nter Tropical Com ergen e Zone, \\ a ad\ ecting \ ery moist air 
o\ er the region Unstable cold upper aircapped thi \\ arm, moi't air ma and on the 1 5th 
of February, a heavy hai l  sho\\ er affected the region Cloud continued to thicken I Oto 
0\ ercast altostratus and nimbo tratu \\ i th an embedded cumulonimbu cel l ,  a 0 tated the 
under and often violent quail . Increa ingly heavy ram become more \\ ide pread o\ er th 
ent ire Emirates and on the 1 7th  AI-Ain recorded 20_ 3mm Thi rain record broke the 
previous one of 1 1 0 1 mm in Februal) 1 982 Cloud and rainfall slo\.\ I} decrea ed there 
after and mainly sett led con'dition were establ ished by the end of the month Ministy of 
Agriculture records establi hed that February 1 988 monthly rainfall totaled between 200 
and 3 50 mm over Al-Ain region where the mo t evere flood damage occurred in 
buildings and farms 
Figure 45. The sou t h easterly \\ i nd  cal l  ed a local d ust  t rom 
in  Februa ry 1 988 
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2.  February 1 990 Floods 
Thunderstorms occurred over Al-Ain region on 6th and 7th of this month with 
mean rainfall 3 3 . 0  mm Northwesrerly Shamal region established by afternoon of 8th and 
active trough over Saudi Arabia  caused some shower development on the 9th .  
Southeasterly flow became establ ished ahead of the trough and although some l ight rain 
was reported in the area, associated with a cloud band extending from Saudia Arabia, 
most of Al-Ain region was fine and warm. These conditions persisted until the 1 1  th where 
ahead of the now quickly moving upper trough a strong convergence line developed 
across the area causing winespread thunderstorms and heavy rainfall with reprorted 
amounts ranging between 40 mm and 1 30 mm which cusing some damages in buildings 
(Figure 47) .  On the 2 1  st, another upper trough from the west passed rapidly through the 
aera learing unstable conditions, and giving rise to a vigorous cumulus development with 
some light showers in the afternoon and again in the early morning of the 22nd. A trough 
cleared the area on the 23rd and a weak northwesterly Shamal set in ahead of the next 
shore wave trough F igure 48 .  This became slow moving and apart from early morning 
patchy fog and mist no significant bad weather occurred until the afternoon of the 28th 
when unstabi l ity i n  the lower levels setoff scattered large cumulus and some isolated 
cumulonimbus cel ls  with l ight showers in Al-Ain area. This pattern persisted until the end 
of the month (Figure 49). 
3. February 1 993 Flood 
The month began with steadily increasing cloud accumulations ahead of an 
approaching upper trough. On the 2nd of February outbreaks of l ight rain were affecting 
the investigated area reaching 1 3 . 7mm. It remained cloudy from the 3rd to the 5th with 
intermittent slight rain and low temperatures. 
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Figu re 48. Nort hwesterly ( S h a m a l )  w ind  in February 1 990 caused sand 
acc u m u la t ion  on roads and t raffics 
Figure 49. Water  acc u m u lat ion  on AI-A i n  Abu-Dhab i  road d ue to Wadi  AI-A i n  
( February 1 990)  
F igure 50.  Nort h w esterly ( S h a m a l )  wind a n d  sand acc u m ulat ion in  February 1 993 
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From the 6th, fine conditions with moderate northwesterl Vo.ind pre ailed unti l  the 
9th when cloud again increased ahead of a second upper trough and there wa l Ight rain in 
the study area. 
The wind region, duri ng the latter half of the month typified the ea onal spring 
change alternating between wann, hazy southeaster lies and cold "Shamal" northwe ter 
lies A marked " Shamal" t rough moved through the area on the 1 4th with trong 
northwesterly winds (Figures 50 and 5 1 ) .  Fresh to strong northwesterly wind, with very 
thick dust haze moved through the area on 23rd of February. At the end of the month a 
quickly-moving upper trough developed across the area causing a heavey rainfall with 
reported amounts ranging between 30 mm and 90 mm. This  caused the major wadis to 
flow(Figures 52 t hrough 5 5 )  soil erosion and gullying (Figures 56 and 57)  as well as 
damages to farm and buildings (Figure 58) .  
4.  Flash flood H azards in  AI-Ain Region 
The runoff component of rain storms affecting the Oman mountains reaches AI­
Jaww plain further west, and consequently the vicinity of AI-Ain city (Figure 59) through 
three main gaps, namely, from south northward : Ajran gap, Zarub gap and Mahdah gap 
The relative amounts of runoff and its direction are shown in Figure 58 .  The runoff of the 
two southerly gaps moves westerly and reaches the eastern footslopes of Jabal Hafit just 
southeast of AI-Ain and then deflects direction northwards parallel to the footsiope of the 
eastern ridge of Jabal Hafit (panoramic view, Figure 60). At this place, the Oman 
mountains runnoff is augmented by that corning from Jabal Hafit ,  which in cases, is quite 
substantial .  This is due to the fact that the mountain is formed of carbonate bedrock that 
i nherently has a higher runoff: seepage ratio of rainfall . The net discharge after passing the 
northern tip of the eastern ridge of Jabal Hafit deflects direction in the town to southwest 
via wadi AI-Ain . The course of this wadi in this stretch is channelized and engireered 
appropriately to accomodate al l  possible runoff and to carry it outside the city to die in the 
Figu re 5 1 .  Nort h westerly ( S h a m a l )  w i n d  in  A I-A i n  - A b u - D ha ba i  main  road 
( Febru a ry 1 993) 
F igure 52.  The torre n t ia l  flood water  in  the  c h a n nel ized course of Wadi  AI-A i n  
w i t h i n  A I-Ai n  c i ty( February 1 993) 
96 
9 
Figu re 53. Warning phase of nood ing  in  the  chane l ized '" a d i  AI-Ain,  a c u l u e n l  may 
be seen in  the left s ide b u i l t  wal l  of the corner 
Figu re 54. A do e-u p  
of  t h e  nood i n g  o f  
Wadi  AI-A i n  i n  
( February 1 993). 
Figure 55. A close- u p  showing the  ra inwater flooding i n  a new area u nder 
development  in AI-A i n  ( February 1 993) 
Figu re 56.  Soil 
erosion and inc ipient 
gullying due to 
heavy ra in storm. 
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Figure 57. So i l  erosion and d i  t inc t  gu l l i ng  in  A l-A in  area 
d u e  to heavy ra in  storm ( February 1 993)  
Figu re 58.  Damage i n  the  bu i l t  wa l l  a u e  to  flood i ng 
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Figure 59. Flash flood courses in  AI-Ai n  region 
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Fig u re 60. The acc u m ula t ion  of Oood water  a t  t h e  foo t h i ll s lope of eastern ridge 
( h ogback) of J a ba l  H a fi t  taken in Febru a ry 1 993 
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dune fields further southwest Water discharged through Mahdah gap flows and seeps 
across Al-Jaww plain and then terminates in the dune field north of Al-Ain' 
The relat ion between Jabal Hafit component ridges, Al-Ain city, Al-Jaww plain 
and the flash flood main courses are clearly i l lustrated in Figure 6 1 . 
5. Flash flood Risk zoning 
Based on the preceding section, a flash flood ri sk zoning map was prepared 
(Figure 62) .  It i s  evident that the eastern footslopes of the eastern ridge ( hogback) of Jabal 
Hafit  i s  a high ri sk zone. Also other areas adjacent to the Jabal Hafit cliffs are locally at 
risk Because of steep slopes and steep dips of the rock formation of this jabal, they are 
l ikely subjectable to landsliding too. The probabilty of landsliding wil l  be higher in case of 
heavy rain storms in these areas as torrential rain wil l  tend to decreases the cofesion and 
fiction between the rock layers and units and wil l  enhance slippage and (or) rockfall .  
Weak, rather incompetent marly units of the succession wil l  be more valreiable. Flood risk 
zoning in Al-Jaww plain is guided by the sites of the water gaps in the Oman mountains. 
As indicated earlier, t he highest risk comes from Zarub gap fol lowed by Ajran gap (Figure 
59) .  Runoff through the two gaps, as they join near the eastern side of Jabal Hafh will be 
of even higher risk . The zone near Mahdah gap is not risky at present but wil l become so if 
extension of Al-Ain wi l l  proceed into that area. 
6. Mitigative m easures of flash flooding  
The channelized cause of  wadi Al-Ain is  satisfactory for t he time being as its 
capacity exceeds t hat of the highest floods of the last few years. However, the courses 
originat ing at Zarub and Ajran gaps should be closely managed. Two philosophies may be 
t hought of 
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Figu re 6 1 .  The spat ia l  rela t ion  of the  nort h part of J a bal  H ali t ,  AI-A i n  c i ty ,  
AI-Jaww p la in  and the  flash flood main  cou rses 
J a bal  H alit H ogback 
Wadi A I-Ain  
C u l t ivated a reas 
H igh risky A reas 
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a )  allow the present braided tributaries and faning for maximum seepage of the 
flood water in AI-Jaww plain on the condition that water wi l l  be retrieved from properly 
located and managed wel ls. 
b) the courses from the gaps may be modified and confined in two channels that 
merge further downflow to concentrate the runoff for possible use and ground storage for 
agricultural, forestation purposes near AI-Ain. 
Under any condition, the combined course of runoff from Zarub and Ajran gaps at 
the eastern footslope of eastern scarp of Jabal H afit should be opporopriately managed 
and channelized. Sides may be stone-l ined or cased and the capacity of the channel should 
be carefully considered as a local confining receptacle, and in relation to the capacity of 
the main channel of wadi AI-Ain further downflow, in the city, to avoid its possible 
overflow. 
The kink reverting the flow of wadi AI-Ain from north to southwest should be 
engineered and strengthered particularly its outer side as it will be subjected to intensive 
erosion by the swift-moving northbound incoming flood flow. Figures 63, 64 and 65 show 
three space images of AI-Ain  taken in 1 979, 1 985  and 1 990 erspectively. The first two are 
fal se colored images showing vegetation in  red, but the last is near true colored thus 
showing vegetation in green . Landuse program through these years is  quite disti nct . 
Expansion of urban areas and cult ivation i s  virtually i n  al l  direction but the main belt of 
development is forming an arc about the northern nose of Jabal H afit extending further 
east by t ime along the main northeast-southwest axis of the city. A branch of development 
sites extends also southwards east of the eastern ridge of Jabal H afit . Development of this 
last area is i l lustrated c learly in Figures 64 and 65 .  Current and future developments in this 
area shouled seriously consider the possible hazards of flash floods and landslides. 
Figures 64 and 65 also show further developments between the northern ridges of 
Jabal H afit. Development in this area, may be better, d iscouraged to avoid local hazards of 
flood ing and l andslides and to keep the mountain as a source of raw materials for industry 
1 05 
(e g ,  cement manufacturing at pre ent ) and for it ae thetic value If  development w111 be 
a must in this area it should be carefully planned and zoned I t  hould be  kept for indu trial 
and (or) non-residential (minimum population) u e In such ca e , the foot lope of the 
mountain cliffs hould be kept bare, fringed by a afet ( and cenic) corrider ( 1  00-500m 
wide at least ) separat ing the mountain from the development site Thi corrider rna be 
used for recreation purposes and (or) forestation projects 
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F igu re 63. A I- A i n  i n  t h e  } ea r  1 9 79 
-
F i g u re 6� .  A I-A i n  i n  t h e  yea r 1 985 . 
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CHAPTER IX 
GEOGRAPHIC INFORMATION 
SYSTEMS (G.I.S.) AT JABAL HAFIT 
1 .  General  
CAPT E R  IX 
G EOG RA P H IC I N FO RMATION SYSTEM 
A T J A BA L  BAFIT 
Three decades ago, remote sensing was hardly a new field that made major 
advances only after introduction of orbit ing satell ites in the early 1 970's. The foundations 
for the de elopment of Geographic Infonnation System (GI S), which began in the 1 960's, 
were lead by the technological advances made in computation, cartography and photo­
grammetry in the 1 940's and 1 950's (Smith et at. 1 987) .  In the mid 1 970's the integration 
of geographic infonnatro-n systems and image processing of remote sensing data was more 
of a concept than a reality. In the 1 990's remote sensing and GIS have become common 
tenns ( Amidson 1 964, Calkins and Tomlinson 1 977, Cicone 1 977, Carter 1 984, Burrough 
1 986, Cowen 1 987, Goodchild 1 987, Hewitt and Kogl in 1 987) .  
Remote sensing i s  a technological tool that enables the collection of data in a 
quick, accurate and relatively inexpensive way relevant to objects or phenomena on earth, 
t hat may be difficult to acquire uti l izing tradi tional techniques. 
The geographic infonnation system is the means by which a large volume of data 
from a variety of sources can be properly stored, integrated, manipulated, analyzed and 
retrieved to best service t he decision making process addressing the proper util ization and 
management of natural resources. GIS provides a powerful and analytical tool of data 
derived from a variety of sources. Thus GIS  contains a database of multiple infonnation 
on the same geographic location, stored as layers that can be digitally manipulated to 
evaluate or model relationships among elements (entities) in the different layers under 
varying conditions. The database layers are selected and designed according to application 
needs .  For example, geologists can integrate data from satell ites, geochemical data, 
geophysical surveys, elevation models or wel l-data  to identify potential areas of valuable 
resources such as oi l ,  minerals or water or to construct a geological model for an area. 
G IS  has also proved to be an extremely efficient tool in handl ing environmen-tal issues. 
1 1 0 
A computer-based GIS may i tself be viewed as having the foUwing five component 
subsystems ( Knapp, 1 987) 
1 .  Data encoding and input processing 
2. Data management . 
3. Data retrieval . 
4. Data manipulation and analysis. 
5. Data display 
Data available for input to  GIS systems usually have a variety of formats, such a 
maps and descript ive, textural or tabular digital files. Therefore, data typically requires 
some degree of pre-processing before inputting to a GIS  in order to ensure data 
compatibil ity. Then these data are represented into the computer in one of two encoding 
systems. In the first, objects are stored and structured using a grid cell ( raster fonnat) for 
location identification, and in the second entities are encoded using X and Y coordinates in 
a l ine (vector fonnat). 
Data management is the ability of the hardware and software capabilities and 
functional operations, to manage the integrated database of the system, which allows 
efficient data storage, retrieval and updating, support multi-user environment, access 
multiple databases with a degree of data independence, security and integrity. 
A GIS database associated with an object is either spat ial (graphic or image) or 
non-spatial (at tribute or descriptive). The system should be able to retrieve (or query) both 
types of databases. The efficiency of this process in the most part is related to data file 
structure, type of data encoding and volume of data stored. 
One of the major dist inctions between GIS  and database management systems is its 
unique capabi l ity of data manipulation and analysis .  These capabilities should also cover 
graphic data as well as attribute and tabular data files. 
1 1 1  
Data manipulation is  related to conversion of data structures, geometr-ical 
operat ions - such as recycling, map projections, coordinates and statist-ical analysis While 
data analysis operations relate to spatial analysis such as overlay, connectivity (buffer 
generation, route selection, . etc ) and neighbor-hood statistics (such as slope, aspects, 
profile, etc . )  measurement of d istances, areas and volumes, statistical analysis related 
frequency, correlations, cross - tabulation or fi le generation, and finally report generation 
( Knapp, 1 987) .  
There is  a variety of display media to which information from GIS can be 
reproduced . The system should be able to display maps, graphs and tabular information. 
The i nformation can be conveyed to cathode ray tubes (computer screen or to a variety of 
hardware devises such as l ine printers, ink line plotters, electrostatic printer/plotters, ink: 
jet plotters or colour fi lm recorders. 
In defining a GIS  project there are several steps to be taken: 
1 .  Defining project objectives and evaluation of benefits. 
2.  Collection and evaluation of existing data. 
3. Creation of databases. 
4. Generation of thematic maps from databases. 
M ethods 
The measurements used in  the present study were determined and collected by 
H unting ( 1 979) duri ng its geological survey of the U A E. Table 9 l ists the concentrations 
of t hree heavy metals (Cu, Pb and Zn) used in this study. A base map of the area was 
scanned The data points were d igitized, using an ERDAS system. The ERDAS digital 
image processing is  a powerful remote sensing software package include a set of programs 
having the fol lowing capabi l it ies' 
1 .  Reading and inputing to the system all data formats from the different satell ites. 
2.  Different types of data enhancement techniques. 
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Table 9. Geochemical analysis of wadi sed i ments  a round Jabal Hafit 
1 1 3 
3. Geometric corrections 
4. Radiometric corrections. 
5. Resampling of data. 
6. Combining and registrat ion of data 
7. Mosaicing 
8. Digitizat ion 
9. Geographic information system (raster based) .  
I t s  geographic informat ion system software includes the fol lowing: 
a.  Aggregation, classification and overlaying. 
b. Edit ing, contouring, area and perimeter calculation. 
c. Surface analysis, generation and classing. 
d. Interpretation and extrapolation . 
e. Data management and retrieval . 
f. Geometric correction and projection conversion. 
The data points were digitized, using ERDAS system, then contoured into 1 5  
levels using a contour interval of 1 for Cu and 2 for both Zn and Pb. Each level was then 
colour coded usi ng ERDAS that has a powerful image processing and raster GIS system 
capable of performing all aspects of digital image enhancement as well as GIS data 
analysis and model l ing. 
Find ings and Resul ts  
Figure 66 shows the sampl ing locations of the data used in th is  study that were 
geographically d ist ri buted at the foot-slopes of Jabal Hath. The three heavy metals under 
discussion were sampled at each locat ion. As shown in Figures 67, 68 and 69 human 
faci l i t ies and activities, such as cult ivation, are spread around the Jabal with higher 
concentrat ion to the north and northeast . Figures 67, 68 and 69 depict the distribution of 
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F" .gure 66. Sample loeatioD 
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(after H u n ting, 1 979) 
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the three surface pollutants Cu, Pb and Zn, respectively. Evidently copper concentrations 
are generally higher at the eastern plain of Jabal H afit than the western one, especially at 
the plain to the southeast where the red colour in Figure 67 represents the highest 
concentrat ion. Intermediate and low levels grade from deep orange to yellow. One major 
anomaly was detected near the middle of the eastern face of Jabal Hafit and another 
anomaly ( red) was depicted at the inner zone of the northwestern flank of the mountain. 
An i nitial i nterpretation of the copper concentration distribution suggests an allochtonous 
origin, the copper being derived from erosion of the l imestone. 
Figure 68 depicts zinc concentration distribution with lowest values portrayed in blue 
and highest as violet to red-orange. The geographic distribution pattern corresponds to 
that of copper concentrations . This is specially t rue at the spot near the middle of the 
eastern face. However, the high copper anomaly detected at the inner northwestern l imb 
has no similar high Zn concentration but rather moderate one. Field investigation shows 
that the anomalies of such elements are concentrated around karstification features due to 
the d issolution of Eocene and Miocene Limestones. This feature i s  dominant on the 
eastern l imb as well as north of Jabal Hafit .  This interpretation differs from that of Yehia 
and Nasr ( 1 992) that the zinc concentration seems to conform with that of copper. 
Lead is the t hird metal to be considered in this study. I ts  pattern of distribution is 
portrayed in Figure 69. Its distribution conforms, to a large degree, to the pattern of 
distribution of copper and zinc along the southern plains. I t  exhibits, however, a dissimilar 
pattern along the axial (central) part of Jabal Hafit . There is some high concentration at 
the base of the middle western eroded face. Accordingly, the assumption that the heavy 
metals d istribution is directly related to sources in Jabal Hafit is very plausible. The 
network of braided wadis fed from trunk wadis init iated at the high peaks of Jabal Hafit 
acted as the transport medium for the heavy metals disseminated in the alluvial plains of 
the area. 
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Figure 67.  Distribut ion  of copper elem ent  a ro u n d  J a bal  Hafit  
( after Yehia  and N asr, 1 992)  
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Figure 68. Distr ibution of z inc element around Jabal H afit 
(after Yehia and N asr, 1 992)  
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Figure 69. Dis tri b u t ion  of lead element  arou nd  J a ba l  H a fi t  
( a fter  Yeh ia  and Nas r, 1 992)  
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Comparing the heavy metal distribution pattern with land uses as depicted on 
Land at imagery, is an effect ive way to study the impact of these metals on sensitive 
environments in the area The soi ls of the plain at Jabal Hafit are the physical sink of 
pollutant deli ered by the wadi networks. Wild plants, shrubs and small trees, can easily 
uptake these metals and concentrate them in their t issues in higher values than in the soil .  
The e entual ly wil l b e  consumed by animal s i n  grazing ground causing a direct threat to 
human health in the area. Simi larly, cult ivated areas and water resources could be affected 
Therefore by mapping the concentration levels of these metals, land use planning and 
human acti i t ies should take into consideration the impact of these pollutants Thus, the 
u e of geographic information system in Jabal Hafit improves on the management 
strategies in regard of environmental consequences of certain natural hazards and 
development reflected by alternative land patterns and management policies. 
CHAPTER X 
SUMMARY AND CONCLUSIONS 
C HA P T E R  X 
S U M M A RY A N D  CONCLUSIONS 
AI-Ain area i s  the administrative center of  the  Eastern province of  Abu Dhabi 
Emirate and one of the largest and most ancient oases of the Arabian Peninsula. Although 
located within the arid desert belt of the world ,  AI -Ain area is characterized by a relict 
integrated drainage net that was formed duri ng the pluvial Quaternary times. The net 
drains external ly towards the west . Torrential floods locally cause serious hazards. 
Three factors are control l ing the desert floods, namely, (a) climatic, (b) 
geomorphologic, and (c)  hydrogeological . 
Cl imatic conditions that control the climate of the United Arab Emirates are: ( i )  
geographic posi tion, ( i i )  topography and relief, and ( i i i )  distribution of land and water 
bodies The major rainfall of t he United Arab Emirates, as is typical of desert terrains take 
place duri ng a few rain storms that have a duration of up to a few hours only. In  the 
United Arab Emirates most of these storms occur duri ng the month of February. 
Geomorphologically, AI-Ai n  region consists of four geomorphic features namely, 
( 1 )  the mountain region, (2 )  the piedmont plain, ( 3 )  the drainage systems, and (4) the dune 
fields. 
Jabal Hafit, Jabal Moundassah, Jabal Malaqet, Jabal AI-Oha, and Jabal Rawdah are 
main mountains i n  the study area, most of them are modified (faulted) anticl inal structures. 
AI-Jaww plain (extending from the Oman mountains to the Jabal Hafit) is the main 
piedmont plain in the study area It is generally referred to in t his  study as the gravel plain. 
The other i s  p iedmont plain surounds Jabal Hafit and is named in this study the carbonate 
plain. The drainage systems are classified according to their orgin into :  (a) Oman 
mountains drainage system characterized by rectangular drainage pattern, with long stream 
segments t rending parallel to northwesterly fault t rend common through the Ophiolite belt 
and in the sedimentary sequence, i t  becomes denderit ic or barided . (b) Jabal Hafit drainage 
system, generally chracterized by denderit ic to radial pattern with short stream segments  
1 2 1  
and some modification t o  parallel drainage pattern guided b y  the trike o f  the teepl� 
dipping carbonate rock units The northern and v. e tern part of the inve tigted area are 
dominated by dune fields The dune pattern is complex and can be ubdivided into the 
following types ( i )  l inear dunes, and ( i i )  star dunes 
Geological! , predorniant rocks are those of Jabal Hafit, Jabal 1alaqet, Jabal 
Mundassah, and Jabal AI-Oha, where Cretaceou and Tertiary l imestone and marl are 
exposed and strongly folded The piedmont plain (Quaternary) in AI-Jawv. plain between 
Oman mountains and Jabal Hafit ,  consists of a gent ly inclined gravel and sand sprea , built 
up the down-wash material drained by wadis from the mountains 
Remote sensing techniques were adopted to meet the object ives of this study The 
first approach, is  in situ rock reflectance measurments to assist in rock and landform 
feature discrimination The second approach is the use of digital image classifications to 
determine the different rock units and their topographic expressions. 
Morphometric parameters of the drainage basins and systems are the most 
important The hydrogeological factors determine the magnitudes of flooding In AI-Ain 
area, fifteen drainage in Oman mountains, were carfully investigated Their l iear (order, 
number, and length), and area (density, frequency, relief and shape) were measured On 
the basis of analysis of these data, Wadi AI-Ain, Wadi Shik, and Wadi Bu Qalah are 
determined to be the most vulreiable to flood hazards. For the Jabal Hafit drainage 
systems five drainage basins were also measured and arrotated of which the Wadi AI-Ain 
is  the most vulreable to flooding. 
Meteorological data show that flash floods at AI-Ain regIOn do occur manily 
during the month of February. Three flood records only are available to the present study, 
namely those of. 1 988, 1 990, and 1 993 . The rainfall in February 1 988 at AI-Ain region 
was in the range of 200 mm to 3 50 mm. Mostsevere damage did occur in buildings and 
farms. In February 1 990, the precipitat ion was in the range of 40 mm to 1 30 mm with 
local damage in farms and some buildings The last flood occured in February 1 993 , with 
1 22 
precipitation ranging between 30 mm to 90 mm and resulted only in minor damages to 
bui lding and farms, howe er, soil erosion was rather substantial . The flood water from 
Oman mountains usually reachs AI-Ain town through three gaps, namely Ajran gap, 
Zarub gap, and Mobdah gap The town al so receives flood water from Wadi AI-Ain 
col lect ing drainage from the eastern footslopes of Jabal Haftt The most influential sources 
are Zarub gap and Wadi AI-Ain Accordinglly a flash flood risk zoning map was prepared 
in which the eastern foot lopes of the eastern ridge (hogback) of Jabal Hath showed as the 
higb ri sk zone The channel ized course of Wadi AI-Ain is  st isfactory for the t ime being as 
it capacity exceeds that of the highest floods of the last few years, and the course 
originatmg at Zarub should be appropriately managed 
One of the main contribution of this work is the study of the concentration and 
distribution of some trace elements known to be health hazards in the soil surounding 
Jabal haftt using the new approach of integrated digital Geographic Information System 
(GI  ) From this work, there are some high concentrations at the base of the middle 
western l imb of Jabal Hafit The study shows that the assumption that the heavy metals 
d istribution is d irectly related to drainage erosion (karstic features) in  Jabal Haftt is  very 
plausible. The network of Braided wadis fed from trunk wadis init iated at the high peaks 
of Jabal hafit acted as the transport medium for the heavy metal s disseminated in the 
al luvial plains. The soi ls  of the plain at Jabal Hafit are physical sink of pollutants delivered 
by the wadi networks Wild plants, shrubs, and small trees can easily uptake these metals 
and concentrate t hem in t heir t issues in  higher values than in the soi l .  Therefore by 
mapping the concentration levels of these metals, landuse planning of human activities 
should take i nto considerat ion the impact of these pollutants. 
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0 . 5 7 5  2 1 2 . 0 0 0  1 6 8 . 0 0 0  I 3 6 . 3  
0 . 6 0 0 1 8 9 . 0 0 0  1 5 0 . 0 0 0  4 0 . 7  
0 -. 6 2 5  1 9 7 . 0 0 0  1 5 8 . 0 0 0  I 4 0 . 7  
0 . 6 5 0  1 8 0 . 0 0 0  1 4 2 . 0 0 0  4 1 . 7  
0 . 6 7 5  1 7 6 . 0 0 0  1 4 0 . 0 0 0  4 3 . 7  
0 . 7 0 0  1 9 2 . 0 0 0  , 1 5 8 . 0 0 0  I 4 5 . 7  
0 . 7 2 5  0 . 0 0 0  , 0 . 0 0 0  4 7 . 3  
, · 
0 . 7 5 0  2 2 2 . 0 0 0  1 9 1 . 0 0 0  : 4 9 . 0  
0 . 7 7 5  0 . 0 0 0  0 . 0 0 0  I 4 9 . 3  
-
O . B O O  0 . 0 0 0 - 0 . 0 0 0  4 9 . 5  
0 . 8 2 5  0 . 0 0 0  0 . 0 0 0  , 4 9 . 8  
0 . 8 5 0  2 1 8 . 0 0 0  1 8 8 . 0 0 0  5 0 . 1  
0 . 8 7 5  0 . 0 0 0  ; 0 . 0 0 0  I 5 0 . 1 f- 0 . 9 0 0  0 . 0 0 0  0 . 0 0 0  5 0 . 1  
-
0 . 9 2 5  0 . 0 0 0  0 . 0 0 0  · 5 0 . 1  
0 . 9 5 0  1 8 1 . 0 0 0  1 5 1 . 0 0 0  5 0 . 1  
- · 
0 . 9 7 5  0 . 0 0 0  0 . 0 0 0  5 0 . 4  
1 . 0 0 0  0 . 0 0 0  0 . 0 0 0  5 0 . 7  
1 . 0 2 5  O . n O L  0 . 0 0 0  5 1 . 0  
1 . 0 5 0  1 8 0 . 0 0 0  1 5 1 . 0 0 0  5 1  . 3 
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Ohjcc t i \ c :  TLE-5 ,  Mar ls  
N/24/06/1 5 .9 ,  E55/48/0 2 .7  
Tem p :  26 .000°C 
W . L .  jJ. m 'W H I T E B O A R D' 
0 . 4 0 0  2 8 8 . 0 0 0  
0 . 4 2 5  3 4 0 . 0 0 0  
0 . 4 5 0  3 4 1 . 0 0 0  
0 . 4 7 5  3 4 9 . 0 0 0  
0 . 5 0 0 3 3 4 . 0 0 0  
0 . 5 2 5  3 2 3 . 0 0 0  
0 . 5 5 0  3 2 0 . 0 0 0  
0 . 5 7 5  3 1 8 . 0 0 0  
O . G O O  2 9 9 . 0 0 0  
0 . 6 2 5  3 0 2 . 0 0 0  
0 . 6 5 0  2 9 1 . 0 0 0  
0 . 6 7 5  2 9 0 . 0 0 0  
0 . 7 0 0  3 0 3 . 0 0 0  
0 . 7 2 5  0 . 0 0 0  
0 . 7 5 0  3 3 4 . 0 0 0  
0 . 7 7 5  0 . 0 0 0  
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2 7 3 . 0 0 0  3 3 . 9  
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2 9 4 . 0 0 0  4 5 . 7  
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0 . 0 0 0  4 8 . 4  
2 5 8 . 0 0 0  4 7 . 9  
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Objcct i \  c :  T L E -3,  Mar ls  
N/24/07/ 1 5 .4 ,  E55/45/28 .3  
Tem p :  29. 200°C 
\V . L . ,Ll m  W H I T E BOA R D  
O .  ·w o 2 8 3 . 0 0 0  
O B J ECT R E F L E C T  Yo 
2 3 9 . 0 0 0  
. 
3 6 . 3  
- -
0 . 4 2 5  3 3 9 . 0 0 0  
0 . 4 5 0  3 4 0 . 0 0 0  
I-�- 0 . 4 7 5  3 4 5 . 0 0 0  
0 . 5 0 0 3 3 2 . 0 0 0  
0 . 5 2 5  3 2 5 . 0 0 0  
0 . 5 5 0  3 1 9 . 0 0 0  
0 . 5 7 5  3 2 0 . 0 0 0  
0 . 6 0 0 2 9 9 . 0 0 0  
0 . 6 2 5  3 0 1 . 0 0 0  
0 . 6 5 0  2 8 9 . 0 0 0  
0 . 6 7 5  2 9 2 . 0 0 0  _ . -
0 . 7 0 0  3 0 9 . n O D  
0 . 7 2 5  0 . 0 0 0  
0 . 7 5 0  3 3 5 . 0 0 0  
0 . 7 7 5  0 . 0 0 0  
0 . 8 0 0  0 . 0 0 0  
0 . 8 2 5  0 . 0 0 0  
0 . 8 5 0  3 2 9 . 0 0 0  
0 . 8 7 5  0 . 0 0 0  
0 . 9 0 0 0 . 0 0 0  
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t--- 0 . 9 5 0  2 9 7 . 0 0 0  -0 . 9 7 5  0 . 0 0 0  
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-
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Object h e: M a r l s  ( Weathere d )  
N/24/06/ 1 5 .9 ,  E 5 5/48/0 2 .7  
Tem p :  29 .500°C 
W .  L .  /1 m WH I T E BO A R D  
0 . 4 0 0  2 8 0 . 0 0 0  
0 . 4 2 5  3 4 0 . 0 0 0  
0 . 4 5 0  3 4 2 . 0 0 0  � 
0 . 4 7 5  3 4 9 . 0 0 0  
0 . 5 0 0  3 3 4 . 0 0 0  
0 . 5 2 5  3 2 1 . 0 0 0  
0 . 5 5 0  3 2 1 . 0 0 0  
0 . 5 7 5  3 1 9 . 0 0 0  
0 . 6 0 0  3 0 0 . 0 0 0  
0 . 6 2 5  3 0 0 . 0 0 0  
0 . 6 5 0  2 8 9 . 0 0 0  
0 . 6 7 5  2 8 7 . 0 0 0  
0 . 7 0 0  3 0 1 . 0 0 0  
0 . 7 2 5  0 . 0 0 0  
0 . 7 5 0  3 3 1 . 0 0 0  
0 . 7 7 5  0 . 0 0 0  
0 . 8 0 0  0 . 0 0 0  
0 . 8 2 5  0 . 0 0 0  
0 . 8 5 0  3 2 1 . 0 0 0  
0 . 8 7 5  0 . 0 0 0  
0 . 9 0 0 0 . 0 0 0  
0 . 9 2 5  0 . 0 0 0  
0 . 9 5 0  2 9 0 . 0 0 0  
0 . 9 7 5  0 . 0 0 0  
1 . 0 0 0  0 . 0 0 0  
1 . 0 2 5  0 . 0 0 0  
1 . 0 5 0  2 8 9 . 0 0 0  
, 
O B J ECT R E F L EC T  % 
2 2 9 . 0 0 0  :3 0 . 9  
2 7 5 . 0 0 0  2 2 . 4  
2 8 0 . 0 0 0  2 4 . 0  
2 9 0 . 0 0 0  2 5 . 7  
2 8 1 . 0 0 0  2 9 . 5  
2 7 9 . 0 0 0  3 8 . 0  
2 8 1 . 0 0 0  3 9 . 8  
2 8 5 . 0 0 0  4 5 . 7  
2 7 0 . 0 0 0  5 0 . 1  
2 7 1 . 0 0 0  5 1 . 3  
2 5 9 . 0 0 0  5 0 . 1 
2 6 0 . 0 0 0  5 3 . 7  
2 7 9 . 0 0 0  6 0 . 3  
0 . 0 0 0  6 1 . 0  
3 1 0 . 0 0 0  6 1 . 7  
0 . 0 0 0  6 2 . 0  
0 . 0 0 0  6 2 . 4  
0 . 0 0 0  6 2 . 7  
3 0 1 . 0 0 0  6 3 . 1  
0 . 0 0 0  6 3 . 1  
0 . 0 0 0  6 3 . 1  
0 . 0 0 0  6 3 . 1  
2 7 0 . 0 0 0  6 3 . 1  
0 . 0 0 0  6 3 . 5  
0 . 0 0 0  6 3 . 8  
0 . 0 0 0  6 4 . 2  
2 7 0 . 0 0 0  6 4 . 6  
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Oh jccl i \ c : A l l uv ia l  P l a i n  
N/24/1 0/55 .2 ,  E 5 5/56/25 . 1  
Tem p :  28 .000°C 
W . L . p m W H I T E B O A R D  O B J ECT I R EF L ECT Yo 
0 . 4 0 0  
0 . 4 2 5  
0 . 4 5 0  
0 . 4 7 5  
0 . 5 0 0  
0 . 5 2 5  
0 . 5 5 0  
1) . 5 7 ii  
--
---
0 . 6 0 0  
0 . 6 2 5  
2 9 2 . 0 0 0  
3 5 0 . 0 0 0  
3 5 2 . 0 0 0  
3 5 8 . 0 0 0  
3 4 5 . 0 0 0  
3 3 4 . 0 0 0  
3 3 2 . 0 0 0  
1 2 S . n n n  
3 0 8 . 0 0 0  
3 1 5 . 0 0 0  
-2 . 6 5 Q _ _ _ _ _  ? 9 1 . Q Q L  
1 8 6 . 0 0 0  
2 2 9 . 0 0 0  
2 3 2 . 0 0 0  
2 3 8 . 0 0 0  I 
2 2 9 . 0 0 0  I 
2 2 3 . 0 0 0  
2 2 5 . 0 0 0  I 
2 2 5 . 0 0 0  
2 0 8 . 0 0 0  I 
2 1 4 . 0 0 0  ! 
1 9 7 . 0 0 0  I 
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0 . 0 0 0  
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- -- . 
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P CTRA L RE F L E CT C E  
O h jcc t i \ c : A l luv ia l  P l a i n ,  Rad ia S t ri cla 
N/24/09/1 2 . 3 ,  E 5 5/55/1 5 . 6 
T e m p :  2 3 . 300°C 
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0 . 5 0 0  2 3 9 . 0 0 0  , 1 4 2 . 0 0 0  1 0 . 7 
0 . 5 2 5  2 2 9 . 0 0 0  1 4 2 . 0 0 0  1 3 . 5  
0 . 5 5 0  2 2 7 . 0 0 0  1 4 9 . 0 0 0  1 6 . 6  
0 . 5 7 5  2 2 1 . 0 0 0  1 4 8 . 0 0 0  1 8 . 6  
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0 . 6 7 5  1 9 2 . 0 0 0  1 1 0 . 0 0 0  1 5 . 1 
0 . 7 0 0  2 1 0 . 0 0 0  1 4 2 . 0 0 0  2 0 . 9  
0 . 7 2 5  0 . 0 0 0 --,- 0 . 0 0 0  , 3 0 . 4  
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0 . 8 2 5  0 . 0 0 0  0 . 0 0 0  4 5 . 0  
0 . 8 5 0  2 3 5 . 0 0 0  2 0 2 . 0 0 0  4 6 . 8  
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Object ive: Sand D u ne (White)  
N/241 2 0/54.9,  E55/24/1 3 . 2  
Tem p :  3 0 . 000°C 
W . L . Jl  m W H I T E BOA R D  
0 . 4 0 0 2 7 0 . 0 0 0  
0 . 4 2 5  3 2 8 . 0 0 0  
0 . 4 5 0  3 3 0 . 0 0 0  
0 . 4 7 5  3 3 2 . 0 0 0  
0 . 5 0 0 3 1 8 . 0 00 
0 . 5 2 5  3 0 6 . 0 0 0  
0 . 5 5 0 3 0 4 . 0 0 0  
0 . 5 7 5  3 0 0 . 0 0 0  
0 . 6 0 0 2 8 2 . 0 0 0  
0 . 6 2 5  2 8 8 . 0 0 0  
0 . 6 5 0  2 7 0 . 0 0 0  
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O hjcc t i \ c :  D u n e  ( Dark)  
N/24/08/57 . 6 ,  E55/40/39.6 
Tem p :  27 .500°C 
_ _ W . L .  ) : m W I ! I T E B O A R D  O B J ECT I R E F LECT % 
- .\.L . ± 0 () �_ 1 u 6 . 0 0 0  6 6 . 0 0 0  1 0 . 0  
0 . 4. 2 5  2 1 6 . 0 0 0  1 1 0 . 0 0 0  8 . 7  
0 . 4 5 0  2 1 8 . 0 0 0  1 2 0 . 0 0 0  1 0 . 5 
0 . 4 7 5  2 2 4 . 0 0 0  1 3 2 . 0 0 0  1 2 . 0  
0 . 5 0 0 2 1 6 . 0 0 0  1 2 8 . 0 0 0  1 3 . 2  
_ _  � � �_ � ___ 1 9 8 . Q9 0 1 2 2 . 0 0 0  1 7 . 4  
0 . 5 5 0  1 9 8 . 0 0 0  1 2 6 . 0 0 0  1 9 . 1  
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Oh.icc l i l c: A I -Ain A I -Faydha,  Sand Dune ( re d )  
N/24/ 0 2/37 .8 ,  E55/4 1 / 1 5 . 2 
Tem p :  26 . 500°C 
W . L . �  m W H I T E  BOA n D  O B J E C T  R E F L E C T  % 
0 . 4 0 0  2 5 5 . 0 0 0  I G 8 . 0 0 0  1 3 . 5  
0 . 4 2 5  3 1 2 . 0 0 0  2 1 1 . 0 0 0  9 . 8  
0 . 4 5 0  3 1 G . 0 0 0  2 2 7 . 0 0 0  1 2 . 9  
0 . 4 7 5  3 2 0 . 0 0 0  2 2 8 . 0 0 0  1 2 . 0  
0 . 5 0 0  3 0 6 . 0 0 0  2 2 2 . 0 0 0  1 4 . 5  
0 . 5 2 5  2 9 6 . 0 0 0  2 1 7 . 0 0 0  1 6 . 2  
0 . 5 5 0  2 9 4 . 0 0 0  2 2 6 . 0 0 0  2 0 . 9  
0 . 5 7 5  2 9 0 . 0 0 0  2 3 6 . 0 0 0  2 8 . 8  
0 . 6 0 0  2 7 1 . 0 0 0  2 2 9 . 0 0 0  3 8 . 0  
0 . 6 2 5  2 7 6 . 0 0 0  2 3 8 . 0 0 0  4 1 . 7  
0 . 6 5 0  2 6 0 . 0 0 0  2 2 2 . 0 0 0  4 1 . 7  
0 . 6 7 5  2 6 2 . 0 0 0  2 3 0 . 0 0 0  4 7 . 9  
0 . 7 0 0  2 8 0 . 0 0 0  2 5 0 . 0 0 0  5 0 . 1  
0 . 7 2 5  0 . 0 0 0  0 . 0 0 0  4 9 . 5  
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Oh jer t i ,  c :  C arbonate S o i l  
NI24/06f 1 5 9 , E 55/48/0 2 .7 
Tem p :  24 OOO°C 
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W .  L .  J-L m WH I T E B O A R D  
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1 3 2 . 0 0 0  2 6 . 3  
1 4 0 . 0 0 0  , 2 8 . 8  
1 2 5 . 0 0 0  I 2 B . 2  
1 2 2 . 0 0 0  2 B . B  
1 4 0 . 0 0 0  2 B . 8  
0 . 0 0 0  3 0 . 2  
1 7 2 . 0 0 0  3 1  . 6  
0 . 0 0 0  3 2 . 4  
0 . 0 0 0  3 3 . 1  
0 . 0 0 0  3 3 . 9  
1 7 2 . 0 0 0  3 4 . 7  
0 . 0 0 0  ; 3 5 . 1 
0 . 0 0 0  3 5 . 5  
0 . 0 0 0  I 3 5 . 9  
1 4 6 . 0 0 0  3 6 . 3  
0 . 0 0 0  3 6 . 7  
0 . 0 0 0  3 7 . 2  
0 . 0 0 0  3 7 . 6  
1 3 8 . 0 0 0  3 8 . 0  
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Oh jcct i , c: S a l t  Ma rsh 
N/24/0 1 /55 . 3 ,  E 5 5/40/ 1 8 .5  
Tem p :  30 . 300° C  
W ,  L ,  /1 m W H f T E BOA R D  O B J E C T  R E F LECT % 
__ �· 1 0 0  2 5 9 . 0 0 0  1 5 9 . 0 0 0  1 0 . 0  
0 . ..t 2 5  3 1 9 . 0 0 0  2 0 2 . 0 0 0  6 . 8  
0 . 4 5 0  :� 2 0 . 0 0 0  2 1 5 . 0 0 0  8 . 9  
0 . 4 7 5  3 2 0 . 0 0 0  2 2 5 . 0 0 0  1 1 . 2  
0 . 5 0 0 3 1 1 . 0 0 0  2 2 2 . 0 0 0  1 2 . 9  
0 . 5 2 5  2 9 9 . 0 0 0  2 1 8 . 0 0 0  1 5 . 5  
, 0 . 5 5 0  2 9 8 . 0 0 0  2 2 1 . 0 0 0  1 7 . 0  0 . 5 7 5  2 8 0 . 0 0 0  2 2 5 . 0 0 0  2 8 . 2  I 0 . 6 0 0  2 7 7 . 0 0 0  2 1 0 . 0 0 0  2 1 . 4  
0 . 6 2 5  2 8 1 . 0 0 0  2 2 5 . 0 0 0  I 2 7 . 5  
0 . 6 5 0  2 6 2 . 0 0 0  2 0 7 . 0 0 0  2 8 . 2  
0 . 6 7 5  2 6 2 . 0 0 0  2 1 0 . 0 0 0  3 0 . 2  
I 
0 . 7 0 0  , 2 8 2 . 0 0 0  2 3 0 . 0 0 0  3 0 . 2  
0 . 7 2 5  0 . 0 0 0  0 . 0 0 0  3 1 . 7  
I 0 . 7 5 0  3 0 9 . 0 0 0  I 2 6 1 . 0 0 0  3 3 . 1  
0 . 7 7 5  0 . 0 0 0  0 . 0 0 0  3 3 . 7  
I 
I � 3 4 . 3  0 . 8 0 0  0 . 0 0 0  0 . 0 0 0  
0 . 8 2 5  0 . 0 0 0  0 . 0 0 0  3 4 . 9  
0 . 8 5 0  3 0 0 . 0 0 0  2 5 5 . 0 0 0  3 5 . 5  
0 . 8 7 5  0 . 0 0 0  0 . 0 0 0  3 6 . 8  
0 . 9 0 0  0 . 0 0 0  0 . 0 0 0  I 3 8 . 1 
0 . 9 2 5  0 . 0 0 0  0 . 0 0 0  3 9 . 4  
� __ � 2 �� �_ 2 6 4 . D O g _ 2 2 5 . 0 0 0  4 0 . 7  
O . 9 7 S  0 . 0 0 0  0 . 0 0 0  I 4 0 . 3  
1 . 0 0 0  0 . 0 0 0  0 . 0 0 0  3 9 . 8  
1 . 0 2 5  0 . 0 0 0  0 . 0 0 0  3 9 . 4  
1 . 0 5 0  2 6 9 . 0 0 0  2 2 8 . 0 0 0  3 8 . 9  
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Ohjcct i ,  c :  Dates,  AI -Ain Oas is  
N/24/ 1 2/39 .5 ,  E 5 5/46/27 . 1  
Tem p :  1 9 .700°C 
W . L . tl m W H I T E BOn R D  O D J E C T  R E F L EC T  ." ,. 
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0 . 0 0 0  
0 . 0 0 0  
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4 1  . 2  
4 1  . 7  
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SPECT RA L  R E F LECTA N C E  
Object ive: Asp h a lt Road 
Tem p :  3 3 . 0 ° C  
W . L . j1  m W H I T E BOA R D' O B J ECT R EF L ECT % 
0 . 4 0 0  1 9 0 . 0 0 0  1 C O . O O O  1 2 . 6  
0 . 4 2 5  2 4 5 . 0 0 0  1 4 4 . 0 0 0  9 . 8  
0 . 4 5 0  2 4 8 . 0 0 0  1 4 8 . 0 0 0  1 0 . 0 
0 . 4 7 5  2 5 0 . 0 0 0  1 5 2 . 0 0 0  1 0 . 5  
0 . 5 0 0 2 3 8 . 0 0 0  I 1 4 5 . 0 0 0  1 1 .  7 
0 . 5 2 5  2 2 9 . 0 0 0  1 3 6 . 0 0 0  , 1 1 . 7 
0 . 5 5 0  2 3 0 . 0 0 0  1 3 6 . 0 0 0  1 1  . 5  
0 . 5 7 5  2 2 2 . 0 0 0  1 3 5 . 0 0 0  1 3 . 5  
0 . 6 0 0  2 0 2 . 0 0 0  1 2 0 . 0 0 0  1 5  . 1 
0 . 6 2 5  I 2 0 9 . 0 0 0  1 2 2 . 0 0 0  1 3 . 5  
0 . 6 5 0  1 9 0 . 0 0 0  1 0 8 . 0 0 0  1 5  . 1 
0 . 6 7 5  : 1 9 3 . 0 0 0  1 0 5 . 0 0 0  1 3 . 2  
0 . 7 0 0  2 1 0 . 0 0 0  
, 
1 2 2 . 0 0 0  , 1 3 . 2  
0 . 7 2 5  0 . 0 0 0  0 . 0 0 0  1 3 . 5  
0 . 7 5 0  2 3 8 . 0 0 0  1 5 2 . 0 0 0  1 3 . 8  
0 . 7 7 5  0 . 0 0 0  0 . 0 0 0  1 5 . 0  
0 . 8 0 0  0 . 0 0 0  0 . 0 0 0  1 6 . 2  
0 . 8 2 5  0 . 0 0 0  0 . 0 0 0  1 7 . 4  
0 . 8 5 0  2 1 9 . 0 0 0  1 4 6 . 0 0 0  1 8 . 6 
0 . 8 7 5  0 . 0 0 0  0 . 0 0 0  1 8 .  1 
0 . 9 0 0  0 . 0 0 0  0 . 0 0 0  1 7 . 6  
0 . 9 2 5  0 . 0 0 0  0 . 0 0 0  1 7 .  1 
0 . 9 5 0  2 0 0 . 0 0 0  1 2 2 . 0 0 0  I 1 6 . 6  
0 . 9 7 5  0 . 0 0 0  0 . 0 0 0  1 6 . 5  
1 . 0 0 0  0 . 0 0 0  0 . 0 0 0  
, 
1 6 ,  4 
, 
- '  
1 . 0 2 5  0 . 0 0 0  0 . 0 0 0  1 6 . 3  
1 . 0 5 0  1 9 1 . 0 0 0  1 1 2 . 0 0 0  ' 1 6 . 2  
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· P E C T RA L R f. F L E TA "l C E  
Ol ljcc t i ,  c :  B a re Lan d  
Tem p :  3 3 . 3 ° C  
W . L . /l m W H I T E B O A R D  O B J ECT R E F L E C T  % 
0 . 4 0 0  1 9 4 . 0 0 0  9 4 . 0 0 0  1 0 . 0  
0 . 4 2 5  2 5 0 . 0 0 0  1 3 8 . 0 0 0  7 . 6  
0 . 4 5 0  2 5 1 . 0 0 0  1 4 4 . 0 0 0  8 . 5  
0 . 4 7 5  2 5 2 . 0 0 0  1 5 4 . 0 0 0  1 0 . 5  
0 . 5 0 0 2 4 0 . 0 0 0  1 4 5 . 0 0 0  1 1 .  2 
0 . 5 2 5  2 3 0 . 0 0 0  1 4 2 . 0 0 0  1 3 . 2  
0 . 5 5 0  2 2 8 . 0 0 0  1 4 4 . 0 0 0  1 4 . 5  
0 . 5 7 5  2 2 4 . 0 0 0  1 4 8 . 0 0 0  1 7 . 4  
O . G O O 2 0 6 . 0 0 0  1 3 5 . 0 0 0  1 9 . 5  
0 . 6 2 5  2 1 0 . 0 0 0  1 4 4 . 0 0 0  2 1 . 9  
0 . 6 5 0  1 9 4 . 0 0 0  1 2 8 . 0 0 0  2 1 . 9  
0 . 6 7 5  1 9 2 . 0 0 0  1 2 6 . 0 0 0  2 1 . 9._ 
0 . 7 0 0  2 0 8 . 0 0 0  1 4 4 . 0 0 0  2 2 . 9  
0 . 7 2 5  0 . 0 0 0  0 . 0 0 0  2 2 . 9  
0 . 7 S 0  2 4 0 . 0 0 0  1 7 6 . 0 0 0  2 2 . 9  - --- -
0 . 7 7 5  0 . 0 0 0  0 . 0 0 0  2 3 . 5  
0 . 8 0 0  0 . 0 0 0  0 . 0 0 0  2 4 . 0  
0 . 8 2 5  0 . 0 0 0  0 . 0 0 0  2 4 . 6  
0 . 8 5 0  2 3 0 . 0 0 0  1 7 0 . 0 0 0  2 5 . 1 
0 . 8 7 5  0 . 0 0 0  0 . 0 0 0  2 5 . 7  
0 . 9 0 0  . 0 . 0 0 0  0 . 0 0 0  2 6 . 3  
0 . 9 2 5  0 . 0 0 0  0 . 0 0 0  2 6 . 9  
0 . 9 5 0  2 0 4 . 0 0 0  1 4 8 . 0 0 0  2 7 . 5  
0 . 9 7 5  0 . 0 0 0  0 . 0 0 0  2 7 . 9  
1 . 0 0 0  . 0 . 0 0 0  . 0 . 0 0 0  2 8 . 2  
1 . 0 2 5 0 . 0 0 0  0 . 0 0 0  2 8 . 5  
1 . 0 5 0  1 9 4 . 0 0 0  1 4 0 . 0 0 0  2 8 . 8  
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SPECT RA L R E F L ECTA N C E  
Objective: B a re Land 
N/24/2 9/4 5 . 3 ,  E 5 5/25/37.4 
Tem p :  3 3 . 8 0 0 ° C  
W . L . u m W H I T E B O A R D' 
0 . 4 0 0  2 7 0 . 0 0 0  
0 . 4 2 5  3 3 0 . 0 0 0  
0 . 4 5 0  3 3 4 . 0 0 0  
0 . 4 7 5  3 3 4 . 0 0 0  
0 . 5 0 0  3 2 2 . 0 0 0  
0 . 5 2 5  3 1 0 . 0 0 0  
0 . 5 5 0  3 0 6 . 0 0 0  
0 . 5 7 5  3 0 2 . 0 0 0  
0 . 6 0 0 2 8 4 . 0 0 0  
0 . 6 2 5  2 9 0 . 0 0 0  
0 . 6 5 0  2 7 0 . 0 0 0  
0 . 6 7 5  2 7 2 . 0 0 0  
0 . 7 0 0  2 9 2 . 0 0 0  
0 . 7 2 5  0 . 0 0 0  
0 . 7 5 0  , 3 2 0 . 0 0 0  
0 . 7 7 5  0 . 0 0 0  
0 . 8 0 0  0 . 0 0 0  
0 . 8 2 5  0 . 0 0 0  
0 . 8 5 0  3 1 0 . 0 0 0  
0 . 8 7 5  0 . 0 0 0  
0 . 9 0 0  0 . 0 0 0  
0 . 9 2 5  0 . 0 0 0  
0 . 9 5 0  2 8 0 . 0 0 0  
0 . 9 7 5  0 . 0 0 0  
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